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source problems.
Different estimates of phosphorus loads were evaluated. Good agreement
exists between the different estimates, and those differences that do occur
are readily accounted for. Annual diffuse tributary loads can vary as much
as 30 percent due to normal year—to-year flow variations. For example, mid—
1970 diffuse tributary total phosphorus loads to the Great Lakes were generally
higher than can typically be expected due to high tributary flow.
A mathematical model is presented which demonstrates the importance of
considering the Great Lakes an an interconnecting system. For example, Detroit
River phosphorus loads have a major effect not only on Lake Erie, but also on
Lake Ontario. From a water quality management perspective, the results show
that uniform treatment of phosphorus sources around the basin, while politically
convenient, is not economically optimal.
 As a reSult of the integration of U.S. Task D studies, it was learned that
shoreline erosion contributes about five times as much sediment to the Great
Lakes as is delivered by tributaries. The biologically available fraction of
the phosphorus associatedwith shoreline erosion is small, as low as a few per-
cent of the total, but would be significant as other sources are reduced or when
compared to the available phosphorus fraction of other sources. For example,
it appears that the biologically available sediment phosphorus delivered to the
Great Lakes from land runoff is also quite low, probably no more (and usually
considerably less) than 40 percent of the total sediment phosphorus.
Task D also investigated the effect on the Great Lakes of the large non-
point source tributary inputs that occur in early spring. Pollutants from runoff
tended to disperse quickly and few water quality changes were noted immediately
following runoff events. Thus the effect of nonpoint source inputs appears to
be long—range and cumulative. It was noted that shore erosion and resuspension
proc
esse
s ca
n be
very
impo
rtan
t du
ring
the
spri
ng r
unof
f pe
riod
. R
esus
pens
ion
of bottom sediments was found to be quite prevalent in U.S. nearshore waters,
but the effect of resuspension on water quality is not yet understood.
It is speculated that high sediment input might be related to low levels
of te
xic
conta
minan
ts in
the G
reat
Lakes
. T
he s
ignif
icant
ly l
ower
level
s of
PCBs
in Lake Erie fish compared to Lake Superior fish may be related (among other
factors) to the fact that the tributary suspended sediment input to Lake Erie
is over 100 times greater on a unit volume basis than to Lake Superior.
MAJOR CONCLUSIONS
1. Very little information exists in the literature which directly links
land—derived pollution with impairment of Great Lakes waters. While many studies
have implicated land—derived pollution to be a cause of degradation of Great
Lakes water quality, it has proved difficult to separate the effects of non-
point source pollution from point source pollution. Although the physical and
biological effects of pollutants on plankton, benthos and fish are becoming
better known, it is difficult to determine the relative importance of the non—
point source loads.
2. The amounts of solids removed by dredging from many Great Lakes river
mouth areas were found to be comparable to the amount of suspended solids con—
tributed annually by the rivers. Control of soil erosion upstream may thus
have a significant benefit in terms of reducing the quantity of sedimented
material that must be removed by dredging.
3. Despite often being implicated as harmful to the Great Lakes, few
examples of Great Lakes impairment by road salt runoff exist. There is some
speculation that subtle but derogatory changes in the species composition of
phytoplankton in the Great Lakes may occur if chloride levels continue to
increase. For some lakes (e.g., Ontario) chloride inputs from industrial
operations are much more important than road salt runoff.
4. Despite the potential harmful impact of lead, there is currently no
evidence to indicate it is causing impairment of the Great Lakes resource.
5. Pesticides currently in use do not appear to be impairing Great Lakes
water quality. Pesticides used in the past, such as DDT, have been documented
to be harmful to the Great Lakes ecosystem and levels still exceed some water
quality objectives.
6. Texture of the soil material appears to be the most important indicator
of the magnitude of nonpoint source pollution from rural land. The Lake Erie
watershed has large areas of clay surface soils and consequently has the largest
land-derived loading of phosphorus and sediment.
7. Substantial differences in pollutant outputs can be seen between event
and stable response tributaries. The Maumee provides a good example of an event
response tributary while the Grand (Michigan) is a good example of a stable
response tributary.
8. Differences in the Great Lakes phosphorus load estimates made by PLUARG,
the Water Quality Board and the Technical Group to Review Phosphorus Loadings
are minor and/or readily accounted for.
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 9. Annual diffuse tributary loads can vary considerably (as much as 30
percent) due to normal year-to—year flow changes. Mid—1970 loads of total phos—
phorus to the Great Lakes were higher than usual, reflecting high flow conditions,
particularly during 1975.
10. Waterfowl do not appear to be a significant scurce of phosphorus to the
Great Lakes.
11. The Great Lakes shOuld be viewed as a system in order to optimize cost—
effective environmental management.
12. The response of the Great Lakes to pollution abatement, including toxic
substance as well as phosphorus abatement, will likely be much more rapid than
the long period (in some cases hundreds to thousands of years) previously thought
by many.
13. Shoreline erosion on an annual basis contributes about five times as
much sediment to the Great Lakes as is delivered by tributaries.
14. The available phosphorus input to the Great Lakes from shoreline erosion
is generally small relative to other sources of total phosphorus. However,
when compared to only the available phosphorus loads from other sources, or
if compared to possible reduced total phosphorus loads resulting from phosphorus
control measures, the shoreline erosion available phosphorus load can be quanti—
tatively significant, at least for some lakes or lake sectors.
15. Overall, it appears that a rather large percentage (60 percent or more)
of the phosphorus associated with sediments delivered to the Great Lakes via
tributary suspended solids is not biologically available.
16. ROughly 40 to 50 percent or more of the tributary total phosphorus
load is likely to be in a biologically unavailable form.
17. The sodium hydroxide extraction technique as conducted for PLUARG
appears to give a good indication of potentially available sediment phosphorus.
The readily available sediment phosphorus appears, however, to be considerably
less than that measured by the sodium hydroxide extraction. Factors such as
the phosphorus status of the algal population, phosphorus concentration and pH
of the lake water and the residence time of the sediment particle in the water
can affect the rate of uptake of biological availability of sediment phosphorus.
18. Less than 50 percent of the metals associated with tributary suspended
material appear to be available.
19. During the late winter/early spring runoff period when tributary inputs
are large, synoptic remote sensing indicates that shoreline erosion and sediment
resuspension are also very important processes affecting suspended sediment levels
in the Great Lakes.
20. The effect of large runoff inputs were not observed to cause major bio—
logical and chemical changes in Great Lakes waters immediately following the
event.
Rather, the effect appears to be long-range and cumulative.
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 21. Pollutants from a runoff event generally are quickly dispersed, with
wind speed and direction playing a major role in the movement of the river plume.
22. Most of the sediment and associated pollutants which enter the western
basin of Lake Erie during the early spring runoff period are apparently trans-
ported to the central basin by early summer.
23. Resuspension of Great Lakes nearshore sediments is a major contributor
to suspended solids levels found in the Great Lakes. Sediments from Saginaw
Bay, western Lake Erie, SOuthern Lake Michigan and western Lake Superior have
the greatest potential for affecting water quality as a result of wind-induced
reSuspension.
24. PCB levels in Lake Erie fish are significantly lower than levels in
fish
in t
he o
ther
lake
s.
This
may
be r
elat
ed,
at l
east
in p
art,
to t
he h
igh
trib
utar
y se
dime
nt i
nput
to L
ake
Erie
.
For
exam
ple,
the
trib
utar
y su
spen
ded
sed
ime
nt
inp
ut
per
uni
t v
olu
me
of
lak
e w
ate
r i
s o
ver
100
tim
es
gre
ate
r f
or
Lak
e
Erie than Lake Superior.
 
 RECOMMENDATIONS FOR FUTURE STUDY
1. The quantitative importance of wind erosion as a nonpoint source of
pollutants needs to be determined. Pollutants derived from wind erosion are
likely distributed to the lake Surface over a wide area and thus have different
ecological effects than tributary inputs which empty into river mouth areas.
2. The effect of phosphorus removal practices on concentrations of toxic
substances in municipal treatment plant effluent needs to be studied.
3. The biological availability of phosphorus leaving treatment plants
should be investigated for different treatment processes.
4. Availability of sediment phosphorus derived from land runoff needs
further study. The kinetics of uptake by algae of sediment-bound phosphorus
also needs further illumination.
5. The ecological importance of resuspension of sedimented material in the
Great Lakes is a prime research need. Information is urgently needed on whether
or under what conditions resuspended particulatematerial can take up or release
contaminants.
6. The potential importance of sediment input on moderating levels of toxic
contaminants in Great Lakes fish needs to be investigated. The effect of re-
ducing sediment input through nonpoint source control programs on toxic contami—
nant levels should also be considered.
7.
Rem
ote
sen
sin
g s
tud
ies
coo
rdi
nat
ed
wit
h s
hip
boa
rd
sur
vey
s s
hou
ld
be
encouraged to provide more synoptic coverage of the Great Lakes.
8.
The
effe
ct,
if a
ny,
of n
onpo
int
sour
ce
sedi
ment
redu
ctio
ns o
n si
lica
levels in the Great Lakes needs to be addressed.
9.
Tra
nsm
iss
ion
of
poi
nt
and
non
poi
nt
sou
rce
s,
and
the
imp
lic
ati
ons
for
management, needs to be better understood.
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of the proposed "target phosphorus loads" found in the new 1978 U.S.—Canadian
Great Lakes water Quality Agreement.
The following chapter, entitled "Predicting Impacts on the Lakes", provides
specific information on modeling the response of the lakes to changes in the
phosphorus input, including changes in the land—derived portion of the input.
It treats the Great Lakes as an integrated system and highlights the effects
that control strategies in one portion of the lake may have on another.
The final chapter, "Summary and Evaluation of U.S. Task D, PLUARG", sum-
marizes and integrates all the different aspects of U.S. Task D, PLUARG. The
main activities of U.S. Task D include (1) Assessment of Shoreline Erosion,
(2) Survey of River Sediment and Associated Water Quality, and (3) Effects of
River Inputs. All of these activities are linked together, so it is necessary
to look at the overall results to put the Task D effort in proper perspective.
Consequently, the summary and integration provide an overview of the degree
to which Great Lakes water quality has been impaired by land-derived sources of
pollution. Since the question of phosphorus availability wasgiven major atten-
tion in U.S. Task D (Subactivity 2-5), particular emphasis is given to the appli-
cation of the availability results in the broad context of Great Lakes pollution
control.
Throughout this report the pollutants considered are those pollutants iden-
tified in the PLUARG process as being of most concern. Phosphorus is given the
most attention as it appears to be the most significant Great Lakes pollutant
found in land drainage. Suspended solids is also given attention, although its
effect on the lake is difficult to explicitly determine. The effects of certain
dissolved solids, particularly choride and silica, are also investigated.
While the above parameters, particularly phosphorus, are of concern with
regard to the ecological health of the lakes, toxic substances continue to be
the most serious and immediate concern due to their public health implications.
Consequently, heavy metals and other toxic elements, industrial organics such
as polychlorinated biphenyls, and pesticides are addressed in this report. How—
ever, these pollutants are generally not derived from land-associated sources
of pollution or, as is the case for pesticides, are not currently thought to
present a Great Lakes pollution problem.
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ni
sm
ab
un
da
nc
e
an
d
di
st
ri
bu
ti
on
in
th
e
Gr
ea
t
La
ke
s.
A
sh
if
t
in
co
mp
os
it
io
n
to
wa
rd
th
e
mo
re
po
ll
ut
io
n-
to
le
ra
nt
sp
ec
ie
s
ha
s
be
en
ob
se
rv
ed
.
Th
e
ro
le
of
la
nd
—d
er
iv
ed
di
ff
us
e
ph
os
ph
or
us
in
th
es
e
ch
an
ge
s
ca
nn
ot
be
se
pa
ra
te
d
fr
om
ot
he
r
in
pu
ts
.
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Very little information currently exists relating nonpoint source phosphorus
pollution to changes in fish populations.
EFFECTS OF FINE-GRAINED SUSPENDED SOLIDS
Estimates of fine—grained sediment inputs to the Great Lakes from the
U.S. have been revised in light of recent PLUARG loading estimates. 0f the
five
Grea
t La
kes,
Erie
rece
ives
the
larg
est
load
.
Fine
—gra
ined
susp
ende
d se
die
ment
inpu
ts t
o La
ke M
ichi
gan
and
the
U.S.
port
ion
of L
ake
Supe
rior
are
domi
—
nate
d by
shor
elin
e er
osio
n, w
hile
trib
utar
y lo
adin
g ac
coun
ts f
or t
he g
reat
est
proportion of the U.S. load to Lakes Huron, Erie, and Ontario.
Thou
gh f
ew s
tudi
es h
ave
been
cond
ucte
d sp
ecif
ical
ly o
n Gr
eat
Lake
s wa
ters
,
the
effe
ct o
f hi
gh o
r ab
norm
al l
evel
s of
susp
ende
d so
lids
is w
ell
docu
ment
ed.
The
pres
ence
of S
uspe
nded
soli
ds c
ause
s an
incr
ease
in t
urbi
dity
and
sedi
men—
tati
on a
ffec
ting
both
plan
t an
d an
imal
popu
lati
ons.
Aest
heti
c de
teri
orat
ion,
as
wel
l a
s u
nde
sir
abl
e e
con
omi
c e
ffe
cts
, s
uch
as
inc
rea
sed
dre
dgi
ng
and
dif
fi-
cul
ty
in
pur
ify
ing
wat
er
sup
pli
es,
may
res
ult
.
The
amo
unt
s o
f s
oli
ds
rem
ove
d
by
dre
dgi
ng
fro
m m
any
Gre
at
Lak
es
riv
er
mOu
th
are
as
wer
e f
oun
d t
o b
e c
omp
ara
ble
to
the
amo
unt
of
Sus
pen
ded
sol
ids
con
tri
but
ed
ann
ual
ly
by
the
riv
ers
.
Con
tro
l
of
soi
l e
ros
ion
ups
tre
am
may
thu
s h
ave
a s
ign
ifi
can
t b
ene
fit
in
ter
ms
of
re—
duc
ing
the
qua
nti
ty
of
sed
ime
nte
d m
ate
ria
l t
hat
mus
t b
e r
emo
ved
by
dre
dgi
ng.
Sev
era
l e
xam
ple
s o
f t
he
eff
ect
of
tur
bid
ity
on
pri
mar
y p
rod
uct
ivi
ty
in
the
Gre
at
Lak
es
are
ava
ila
ble
.
In
som
e c
ase
s h
igh
tur
bid
ity
has
bee
n a
sso
cia
ted
wit
h h
igh
pla
nkt
on
con
cen
tra
tio
ns,
pos
sib
ly
due
to
hig
h n
utr
ien
t c
onc
ent
rat
ion
s.
Als
o,
tur
bid
ity
ten
ds
to
cau
se
pla
nkt
on
to
con
cen
tra
te
nea
r t
he
sur
fac
e.
A n
umb
er
of
aut
hor
s h
ave
als
o o
bse
rve
d a
cor
rel
ati
on
bet
wee
n i
ncr
eas
ed
sus
pen
ded
sed
ime
nt
inp
uts
and
the
dis
app
ear
anc
e o
f m
acr
oph
yte
s,
par
tic
ula
rly
in
Lak
e E
rie.
Alt
hOu
gh
the
sed
ime
nt
loa
d t
o L
ake
Eri
e h
as
inc
rea
sed
abo
ut
thr
eef
old
sin
ce
the
mid
-18
005
due
to
the
agr
icu
ltu
ral
iza
tio
n o
f t
he
bas
in,
the
eff
ect
can
not
be
eas
ily
sep
ara
ted
fro
m o
the
r e
nvi
ron
men
tal
per
tur
bat
ion
s.
It
is
spe
cul
ate
d t
hat
a d
ecr
eas
e i
n t
he
sus
pen
ded
sol
ids
loa
ds
to
the
wes
ter
n
Lake Erie basin may even lead to excessive macrophyte growths in the basin's
shallow‘waters.
The
eff
ect
of
sus
pen
ded
sol
ids
on
ben
tho
s h
as
rec
eiv
ed
les
s a
tte
nti
on.
Lit
tle
is
kno
wn
reg
ard
ing
the
res
pon
se
of
the
se
org
ani
sms
to
inc
rea
sin
g r
ate
s
of
sil
tat
ion
, a
lth
oug
h i
ncr
eas
ed
sed
ime
nt
inp
ut
is
oft
en
imp
lic
ate
d a
s d
ele
-
terious to the benthos.
Mos
t
stu
die
s
of
Gre
at
Lak
es
fis
h p
opu
lat
ion
s
hav
e
con
cen
tra
ted
on
Lak
e
Eri
e.
Tur
bid
ity
,
sil
tat
ion
,
and
the
los
s
of
mac
rop
hyt
ic
veg
eta
tio
n
are
amo
ng
the
rea
son
s
cit
ed
for
the
dec
lin
e
of
its
fis
h p
opu
lat
ion
.
The
eff
ect
of
sed
i-
uen
t
on
Gre
at
Lak
es
fis
h
is
not
wel
l
est
abl
ish
ed,
how
eve
r.
EFF
ECT
S O
F D
ISS
OLV
ED
SOL
IDS
- C
HLO
RID
E A
ND
SIL
ICA
In
the
las
t
dec
ade
,
man
y
eff
ort
s
hav
e
bee
n
dev
ote
d
to
stu
dyi
ng
chl
ori
de
-12..
 
 tr
an
sp
or
t
an
d
es
ti
ma
ti
ng
fut
ure
ch
lo
ri
de
le
vel
s
in
the
Gre
at
Lak
es.
Ch
lo
ri
de
an
d
ot
he
r
di
ss
ol
ve
d
so
li
ds
ha
ve
be
en
im
pl
ic
at
ed
as
a
po
te
nt
ia
l
ca
us
e
of
a
shi
ft
in
the
sp
ec
ie
s
di
st
ri
bu
ti
on
of
pl
an
kt
on
in
the
Gre
at
Lak
es.
Sa
lt
-t
ol
er
-
ant
or
ga
ni
sm
s
ha
ve
al
re
ad
y
be
en
id
en
ti
fi
ed
th
ro
ug
hO
ut
the
Gre
at
Lak
es.
Ho
w-
ev
er
,
in
cr
ea
si
ng
le
ve
ls
of
di
ss
ol
ve
d
so
li
ds
ha
ve
no
t
be
en
co
nc
lu
si
ve
ly
li
nk
ed
to
bi
ol
og
ic
al
ch
an
ge
s
oc
cu
rr
in
g
in
th
e
Gr
ea
t
La
ke
s,
al
th
ou
gh
a
nu
mb
er
of
in
ve
s—
ti
ga
ti
on
s
in
fe
r
th
at
a
re
la
ti
on
sh
ip
do
es
ex
is
t.
Roa
d s
alt
is
oft
en
bei
ng
imp
lic
ate
d a
s t
he
cau
se
of
inc
rea
Sed
chl
ori
de
lev
els
in
the
Gre
at
Lak
es.
How
eve
r,
few
exa
mpl
es
in
the
lit
era
tur
e s
upp
ort
thi
s b
eli
ef.
Per
hap
s t
he
bes
t e
xam
ple
is
Iro
nde
quo
it
Bay
of
Lak
e O
nta
rio
.
Chl
ori
de
lev
els
in
th
is
sm
al
l
an
d
re
st
ri
ct
ed
ba
y
ha
ve
in
cr
ea
se
d
fi
ve
ti
me
s
in
th
e
la
st
20
ye
ar
s
as
a
re
Su
lt
of
ro
ad
sa
lt
dr
ai
na
ge
.
Mi
ni
ng
an
d
in
du
st
ri
al
op
er
at
io
ns
al
so
co
n—
tr
ib
ut
e
la
rg
e
am
Ou
nt
s
of
ch
lo
ri
de
to
th
e
Gr
ea
t
La
ke
s,
an
d
in
so
me
ca
se
s
ar
e
th
e
dominant source.
Si
li
ca
de
pl
et
io
n
ma
y
ca
us
e
a
sh
if
t
in
al
ga
l
sp
ec
ie
s
to
wa
rd
s
th
e
pr
ed
om
i—
na
te
ly
no
ns
il
ic
eo
us
fo
rm
s,
Su
ch
as
th
e
un
de
si
ra
bl
e
bl
ue
—g
re
en
s.
De
pl
et
io
n
ma
y
re
Su
lt
fr
om
ov
er
pr
od
uc
ti
on
of
di
at
om
s,
wh
ic
h
re
qu
ir
e
si
li
ca
fo
r
gr
ow
th
,
du
e
to
hi
gh
ph
os
ph
or
us
lo
ad
in
g
or
re
st
ri
ct
io
n
of
th
e
na
tu
ra
l
in
fl
ow
of
si
li
ca
to
th
e
la
ke
s.
Fu
tu
re
co
ns
id
er
at
io
n
sh
ou
ld
be
gi
ve
n
to
th
e
ef
fe
ct
co
nt
ro
l
of
no
np
oi
nt
s0
ur
ce
s
ma
y
ha
ve
on
si
li
ca
in
pu
ts
.
EFFECTS OF LEAD
Le
ad
is
th
e
on
ly
he
av
y
me
ta
l
st
ro
ng
ly
li
nk
ed
to
no
np
oi
nt
so
ur
ce
s,
wi
th
ur
ba
n
ar
ea
s
th
e
gr
ea
te
st
co
nt
ri
bu
to
rs
.
Ex
ce
ss
iv
e
le
ve
ls
of
le
ad
in
th
e
aq
ua
ti
c
en
vi
ro
nm
en
t
ha
ve
be
en
fO
un
d
to
in
hi
bi
t
ph
ot
os
yn
th
es
is
an
d
to
bi
oa
cc
um
ul
at
e
in
bo
th
ve
rt
eb
ra
te
s
an
d
in
ve
rt
eb
ra
te
s,
wh
er
e
it
ma
y
pr
od
uc
e
le
th
al
or
Su
bl
et
ha
l
ef
fe
ct
s.
Of
ad
di
ti
on
al
co
nc
er
n
is
th
e
po
ss
ib
il
it
y
of
le
ad
un
de
rg
oi
ng
ch
em
ic
al
an
d
bi
ol
og
ic
al
me
th
yl
at
io
n
to
fo
rm
hi
gh
ly
to
xi
c
te
tr
am
et
hy
l
le
ad
.
De
sp
it
e
th
e
po
te
nt
ia
l
ha
rm
fu
l
im
pa
ct
of
le
ad
,
th
er
e
is
cu
rr
en
tl
y
no
ev
id
en
ce
to
in
di
ca
te
it
is
ca
us
in
g
im
pa
ir
me
nt
of
th
e
Gr
ea
t
La
ke
s
re
so
ur
ce
.
EFFECTS OF PCBS
Th
e
Gr
ea
t
La
ke
s
ha
ve
be
en
pa
rt
ic
ul
ar
ly
su
sc
ep
ti
bl
e
to
in
pu
ts
of
PC
BS
.
At
mo
sp
he
ri
c
de
po
si
ti
on
on
th
e
dr
ai
na
ge
ba
si
n
an
d
su
bs
eq
ue
nt
ru
no
ff
is
a
ma
jo
r
no
np
oi
nt
so
ur
ce
of
PC
BS
to
th
e
la
ke
s.
In
ad
di
ti
on
to
di
re
ct
to
xi
c
ef
fe
ct
s,
PC
BS
bi
oa
cc
um
ul
at
e
in
bo
th
in
ve
rt
eb
ra
te
s
an
d
ve
rt
eb
ra
te
s,
wi
th
le
th
al
an
d
su
b-
le
th
al
ef
fe
ct
s.
Re
se
ar
ch
is
co
nt
in
ui
ng
to
fu
ll
y
as
se
ss
th
e
im
pa
ct
of
PC
BS
on
the Great Lakes system.
EFFECTS OF PESTICIDES
Wi
th
th
e
ex
ce
pt
io
n
of
wa
st
e
di
sc
ha
rg
es
fr
om
ma
nu
fa
ct
ur
in
g
pl
an
ts
,
pe
st
i—
ci
de
in
pu
ts
ar
e
fr
om
di
ff
us
e
so
ur
ce
s,
bo
th
at
mo
sp
he
ri
c
an
d
la
nd
ru
no
ff
.
Co
n-
ti
nu
in
g
in
pu
ts
of
ch
lo
ri
na
te
d
hy
dr
oc
ar
bo
ns
,
su
ch
as
DD
T,
ar
is
e
mo
st
ly
fr
om
re
si
du
es
in
th
e
so
il
.
In
ad
di
ti
on
to
di
re
ct
to
xi
c
ef
fe
ct
s,
th
es
e
in
se
ct
ic
id
es
te
nd
to
bi
oa
cc
um
ul
at
e,
es
pe
ci
al
ly
at
hi
gh
er
le
ve
ls
of
th
e
fo
od
ch
ai
n.
It
sh
ou
ld
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 be
no
te
d,
ho
we
ve
r,
th
at
th
ei
r
le
ve
ls
in
Gr
ea
t
La
ke
s
wa
te
rs
an
d
fi
sh
ha
ve
de
—
cl
in
ed
ra
pi
dl
y
si
nc
e
th
e
use
of
ch
lo
ri
na
te
d
hy
dr
oc
ar
bo
ns
wa
s
cu
rt
ai
le
d.
To
da
te
,
no
se
ve
re
pr
ob
le
ms
ha
ve
be
en
id
en
ti
fi
ed
re
la
te
d
to
th
e
us
e
of
th
e
ne
w
or
ga
no
ph
os
ph
at
e
an
d
ca
rb
am
at
e
co
mp
ou
nd
s.
He
rb
ic
id
es
ar
e
ge
ne
ra
ll
y
le
ss
to
xi
c
an
d
le
ss
su
bj
ec
t
to
bi
oa
cc
um
ul
at
io
n
th
an
in
se
ct
ic
id
es
.
Th
e
in
cr
ea
se
d
us
e
of
th
es
e
co
mp
Ou
nd
s
is
no
t
ex
pe
ct
ed
to
re
su
lt
in
si
gn
if
ic
an
t
pr
ob
le
ms
fo
r
th
e
Gr
ea
t
Lakes.
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 LAND FACTORS INFLUENCING POLLUTANT LOADS
INTRODUCTION
Ea
rl
ie
r
in
th
is
re
po
rt
la
nd
use
ac
ti
vi
ti
es
we
re
id
en
ti
fi
ed
as
a
si
gn
if
i—
ca
nt
SO
ur
ce
of
ph
os
ph
or
us
,
le
ad
,
PC
Bs
an
d
se
di
me
nt
in
pu
ts
to
th
e
la
ke
s.
Th
is
ch
ap
te
r
di
sc
us
se
s
th
e
va
ri
Ou
s
la
nd
fa
ct
or
s
th
at
in
fl
ue
nc
e
th
e
ma
gn
it
ud
e
of
th
e
la
nd
—d
er
iv
ed
in
pu
t
of
th
es
e
po
ll
ut
an
ts
to
th
e
la
ke
s.
In
fo
rm
at
io
n
is
al
so
pr
e—
se
nt
ed
on
th
e
di
st
ri
bu
ti
on
of
so
il
te
xt
ur
e
cl
as
se
s
th
ro
ug
ho
ut
th
e
U.
S.
po
rt
io
n
of
th
e
ba
si
n,
as
we
ll
as
th
e
re
su
lt
s
of
se
ve
ra
l
st
at
is
ti
ca
l
st
ud
ie
s
de
si
gn
ed
to
ex
am
in
e
th
e
re
la
ti
on
sh
ip
be
tw
ee
n
la
nd
fa
ct
or
s
an
d
wa
te
r
qu
al
it
y.
La
nd
-d
er
iv
ed
in
pu
ts
of
po
ll
ut
an
ts
ar
e
mo
st
of
te
n
ex
pr
es
se
d
in
te
rm
s
of
an
nu
al
un
it
ar
ea
lo
ad
s,
ca
lc
ul
at
ed
by
di
vi
di
ng
th
e
to
ta
l
an
nu
al
lo
ad
fr
om
a
gi
ve
n
ar
ea
by
th
e
si
ze
of
th
at
ar
ea
.
Un
it
ar
ea
lo
ad
s
ba
se
d
on
da
ta
co
ll
ec
te
d
in
th
e
PL
UA
RG
pi
lo
t
wa
te
rs
he
d
st
ud
ie
s
(s
um
ma
ri
ze
d
in
PL
UA
RG
19
78
an
d
19
78
a)
sh
ow
di
f—
fe
re
nc
es
be
tw
ee
n
la
nd
us
e
ca
te
go
ri
es
fo
r
se
ve
ra
l
pa
ra
me
te
rs
.
Th
os
e
fi
gu
re
s
in
di
ca
te
th
at
un
it
ar
ea
lo
ad
s
of
se
di
me
nt
an
d
ph
os
ph
or
us
fr
om
ur
ba
n
an
d
cr
op
la
nd
ar
e
of
th
e
sa
me
or
de
r
of
ma
gn
it
ud
e.
In
co
nt
ra
st
,
un
it
lo
ad
s
fr
om
fo
re
st
ed
ar
ea
s
fo
r
th
os
e
pa
ra
me
te
rs
ar
e
10
to
10
0
ti
me
s
le
ss
.
In
th
e
ca
se
of
le
ad
,
ho
we
ve
r,
th
e
pa
tt
er
n
is
qu
it
e
di
ff
er
en
t.
Un
it
ar
ea
lo
ad
s
of
le
ad
ar
e
ge
ne
ra
ll
y
of
th
e
sa
me
or
de
r
of
ma
gn
it
ud
e
fo
r
fo
re
st
an
d
ag
ri
cu
lt
ur
al
la
nd
s
(r
an
gi
ng
fr
om
0.
00
2
to
0.
08
kg
/h
a/
yr
).
Ur
ba
n
ar
ea
s,
wi
th
he
av
y
ve
hi
cu
la
r
tr
af
fi
c
an
d
in
du
st
ri
al
ai
r
em
is
si
on
s,
on
th
e
ot
he
r
ha
nd
,
sh
ow
av
er
ag
e
un
it
ar
ea
lo
ad
s
fo
r
le
ad
ra
ng
in
g
from 0.06 to 7.0 kg/ha/yr.
Th
e
gr
ea
t
va
ri
ab
il
it
y
in
un
it
ar
ea
co
nt
ri
bu
ti
on
s
of
po
ll
ut
an
ts
fr
om
di
f—
fe
re
nt
la
nd
us
e
ac
ti
vi
ti
es
,
an
d
in
de
ed
wi
th
in
a
gi
ve
n
ac
ti
vi
ty
,
is
a
re
fl
ec
ti
on
of
th
e
wi
de
ra
ng
e
of
fa
ct
or
s
th
at
in
fl
ue
nc
e
th
e
am
ou
nt
of
ma
te
ri
al
mo
vi
ng
fr
om
la
nd
to
th
e
la
ke
s.
So
me
of
th
es
e,
su
ch
as
so
il
te
xt
ur
e
an
d
pa
re
nt
ma
te
ri
al
,
ar
e
re
la
te
d
to
th
e
na
tu
ra
ll
y
OC
Cu
rr
in
g
ph
ys
ic
al
fa
br
ic
of
th
e
ar
ea
.
Ot
he
rs
re
fl
ec
t
hu
ma
n
ac
ti
vi
ti
es
:
am
ou
nt
of
co
nn
ec
te
d
im
pe
rv
io
us
su
rf
ac
e,
ti
ll
ag
e
pr
ac
—
ti
ce
s,
ap
pl
ic
at
io
n
of
fe
rt
il
iz
er
s
an
d
pe
st
ic
id
es
,
re
mo
va
l
of
th
e
na
tu
ra
l
la
nd
co
ve
r
an
d
sc
ar
if
ic
at
io
n
of
th
e
so
il
.
Fi
na
ll
y,
ov
er
ly
in
g
th
e
ab
ov
e
fa
ct
or
s
is
th
e
va
ri
ab
il
it
y
of
me
te
or
ol
og
ic
al
co
nd
it
io
ns
ar
ou
nd
th
e
ba
si
n:
an
nu
al
pr
e—
ci
pi
ta
ti
on
,
in
te
ns
it
y
an
d
du
ra
ti
on
of
ra
in
fa
ll
ev
en
ts
,
ti
mi
ng
of
th
e
sp
ri
ng
th
aw
,
et
c.
Lo
ng
—t
er
m
va
ri
at
io
ns
in
ri
ve
r
mo
ut
h
lo
ad
s
re
la
te
d
to
cl
im
at
ic
fa
c-
to
rs
ar
e
di
sc
us
se
d
fu
rt
he
r
in
su
bs
eq
ue
nt
ch
ap
te
rs
.
Land Form and Physical Fabric
A
s
w
a
s
m
e
n
t
i
o
n
e
d
,
t
h
e
r
e
a
r
e
a
n
u
m
b
e
r
o
f
f
a
c
t
o
r
s
r
e
l
a
t
e
d
t
o
t
h
e
n
a
t
u
r
a
l
p
h
y
s
i
—
c
a
l
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
o
f
a
n
a
r
e
a
t
h
a
t
a
f
f
e
c
t
t
h
e
e
x
t
e
n
t
o
f
n
o
n
p
o
i
n
t
s
o
u
r
c
e
l
o
a
d
s
d
e
r
i
v
e
d
f
r
o
m
it
.
T
h
e
m
o
s
t
i
m
p
o
r
t
a
n
t
o
f
t
h
e
s
e
,
b
a
s
e
d
o
n
t
h
e
r
e
s
u
l
t
s
o
f
P
L
U
A
R
G
s
t
u
d
i
e
s
,
is
t
h
e
t
e
x
t
u
r
e
o
f
t
h
e
s
o
i
l
m
a
t
e
r
i
a
l
—
-
a
m
e
a
s
u
r
e
o
f
t
h
e
d
i
s
t
r
i
b
u
t
i
o
n
o
f
p
a
r
t
i
c
l
e
s
i
z
e
s
i
n
a
g
i
v
e
n
s
o
i
l
t
y
p
e
.
I
n
g
e
n
e
r
a
l
,
f
i
n
e
—
t
e
x
t
u
r
e
d
s
o
i
l
s
—
—
t
h
o
s
e
w
i
t
h
a
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high percentage of clay —— have higher unit area loads of sediment and sediment—
related pollutants (such as phosphorus) than do coarse (sandy) or medium—
textured soils. There are several reasons for this. First, percolation and
infi
ltra
tion
rate
s ar
e ge
nera
lly
lowe
r in
fine
-tex
ture
d so
ils,
prom
otin
g hi
gher
runo
ff r
ates
, mo
st n
otic
eabl
e wh
ere
fine
soil
s ar
e fo
und
over
the
full
hori
zon.
Seco
nd,
clay
part
icle
s ar
e mo
re e
asil
y di
sold
ged
from
the
soil
surf
ace
than
are
larg
er p
arti
cles
.
Also
, o
nce
they
are
entr
aine
d in
over
land
flow
, t
hey
are
less
like
ly t
o se
ttle
out
than
are
larg
er p
arti
cles
.
Simi
larl
y,
they
are
less
apt
to s
ettl
e ou
t in
trib
utar
y fl
ow.
Fina
lly,
beca
use
of t
heir
rela
tive
ly h
igh
adso
rpti
on c
apac
ity,
they
are
an i
mpor
tant
tran
spor
t me
chan
ism
for
cert
ain
nutrients, heavy metals and organic compounds.
Another factor important in determining the unit area load of a particular
pollutant for a given area is the chemical composition of the soil mineral and
organic constituents. For example, the natural fertility of calcarious soils,
meaSured by its phosphorus content, results in high unit area loads of dissolVed
phosphorus. In fact, natural fertility may be much more important than added
fertilizers in determining loads in some areas.
Numerous other land form factors also influence unit area loads. These
include slope and physiography, drainage density, presence of wetland areas,
depth and quality of groundwater and sub-soil condition.
Land Use and Management Factors
The magnitude of the effect that land use and management has on unit area
loads can be seen by comparing the relative sedimentyields of different land
cover classes (EPA, 1973):
Forest : l
Grassland : 10
Cropland : 200
Construction Site : 2000
Data
coll
ecte
d th
roug
h th
e PL
UARG
pilo
t wa
ters
hed
stud
ies
show
ed a
simi
lar
pattern for sediment and phosphorus, as shown in Table l (PLUARG, 1978a).
TABLE 1
PILOT WATERSHED UNIT AREA LOADS (kg/ha/yr)
 
Suspended Total Filtered Reactive
Sediment Phosphorus Phosphorus
Fore
st
1 -
820
0.02
- 0.
67
0.01
- 0.
10
Cropland 20 - 5,100 0.2 - 4.6 0.05 - 0.40
General Urban 210 - 1,750 0.3 - 2.1 0.05 - 0.30
Developing Urban 27,500 23 0.10
It
is
int
ere
sti
ng
to
not
e t
hat
uni
t a
rea
loa
ds
of
fil
ter
ed
rea
cti
ve
pho
s—
pho
rus
sho
w m
uch
les
s v
ari
abi
lit
y t
han
eit
her
tot
al
pho
sph
oru
s o
r s
usp
end
ed
sediment.
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One of the most important factors resulting in high unit area loads is
the
remo
val
of l
and
cove
r, e
ithe
r na
tura
l or
crop
, le
avin
g th
e so
il e
xpos
ed
to w
ind
and
wate
r er
osio
n.
Stud
ies
by P
LUAR
G in
vest
igat
ors
and
othe
rs s
how
that
mai
nte
nan
ce
of
a p
rot
ect
ive
cove
r,
eit
her
veg
eta
tiv
e o
r c
rop
resi
due,
is
one
of
the
mos
t e
ffe
cti
ve
way
s o
f r
edu
cin
g s
oil
and
rel
ate
d c
ont
ami
nan
t l
osse
s.
Tim
ing
of
til
lag
e o
f o
per
ati
ons
, s
o t
hat
a g
rou
nd
cov
er
is
mai
nta
ine
d d
uri
ng
the
spr
ing
tha
w a
nd
run
off
per
iod
, i
s e
spe
cia
lly
imp
ort
ant
in
sone
por
tio
ns
of
the basin.
Alt
hou
gh
the
nat
ura
l f
ert
ili
ty
of
the
soi
l i
s i
mpo
rta
nt,
the
app
lic
ati
on
of
man
ure
,
che
mic
al
fer
til
ize
rs
and
pes
tic
ide
s m
ay
als
o a
ffe
ct
uni
t a
rea
loa
ds
fro
m a
giv
en
lan
d a
rea
.
Rap
id
inc
orp
ora
tio
n o
f m
anu
re
and
fer
til
ize
rs
int
o t
he
soil is needed to prevent excessive nutrient losses, for example.
Oth
er
fac
tor
s t
hat
inf
lue
nce
the
mag
nit
ude
of
rur
al
uni
t
are
a
loa
ds
in—
clu
de
ani
mal
den
sit
y
and
loc
ati
on
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fee
dlo
t
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rat
ion
s w
ith
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t t
o
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an
ne
ls
,
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of
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dr
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ns
and
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e
ap
pl
ic
at
io
n
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ri
Ou
s
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il
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practices.
Int
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erv
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s
Sur
fac
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ent
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rms
ewe
r
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s
reS
ult
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h
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t
are
a l
oad
s
fro
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niz
ed
are
as.
Dep
osi
tio
n
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-
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uen
t w
ash
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exh
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ind
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ria
l
emi
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,
ani
mal
was
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,
and
dec
ayi
ng
lea
ves
are
som
e
of
the
sou
rce
s o
f
pol
lut
ant
s
in
urb
ani
zed
are
as.
Th
er
e
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r
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r
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me
nt
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t
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y
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o
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ll
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an
t
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e
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Ex
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se
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ud
e
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d
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d
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e
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,
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—s
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e
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e
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an
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.
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re
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the
se
ac
ti
vi
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to
po
ll
ut
an
t
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ad
s
ha
s
not been determined.
LAND FACTOR DATA BASE
AS
wa
s
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ev
io
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di
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se
d,
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o
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e
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s
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t
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g
th
e
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e
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t
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lo
ad
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n
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,
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d
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e
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e
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d
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n
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s
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e
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at
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n
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ve
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d
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e
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e
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o
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y
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s
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ug
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e
U.
S.
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e
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as
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r
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r
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n
gr
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ng
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e
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so
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vi
ew
s
br
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y
da
ta
on
la
nd
co
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d
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h
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d
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Fi
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y,
th
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e
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e
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f
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s
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e
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ra
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e
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d
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r
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it
y
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r
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y
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e
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sc
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ud
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t
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to
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e
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.
* Soil Texture
Th
e
so
il
te
xt
ur
e
in
fo
rm
at
io
n
di
sp
la
ye
d
in
Fi
gu
re
s
1
th
ro
ug
h
15
wa
s
de
ve
lo
pe
d
on
th
e
ba
si
s
of
so
il
s
da
ta
co
ll
ec
te
d
by
U.
S.
Ta
sk
B
of
PL
UA
RG
(P
LU
AR
G,
19
76
,
fo
r
mo
re
de
ta
il
ed
po
li
ti
ca
l
an
d
hy
dr
ol
og
ic
al
ma
p
in
fo
rm
at
io
n,
se
e
Ha
ll
et
al
.,
19
76
).
In
fo
rm
at
io
n
on
th
e
do
mi
na
nt
su
rf
ac
e
so
il
te
xt
ur
e
wa
s
ma
pp
ed
fo
r
ea
ch
of
th
e
so
il
as
so
ci
at
io
ns
id
en
ti
fi
ed
in
th
e
Ta
sk
B
ma
ps
.
Th
e
st
an
da
rd
U.
S.
De
pa
rt
-
me
nt
of
Ag
ri
cu
lt
ur
e
so
il
te
xt
ur
e
cl
as
si
fi
ca
ti
on
wa
s
us
ed
,
wi
th
ba
si
c
te
xt
ur
e
classes summarized as shown in Table 2.
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The soil texture data developed by PLUARG is by necessity very general
in nature.
It has, however, been useful in a number of PLUARG technical
studies ;see for example, Skimin, Powers and Jarecki, 1978; and Johnson et al.,
1978). The major limitation of the data is scale——it was dgveloped for appli—
cation to areas generally no smaller than 1,000 km (400 mi ). Thus, it could
not readily be used to characterize a particular county or other small area.
There are two sources of soils information that may be useful in improving
the resolution of the data. One is the Section 208 water quality management
planning programs now being completed throughout the basin. The other is the
modern soil survey reports available for many of the basin counties, especially
those with intensive agricultural activity. In addition, soils data has been
compiled for the Lake Erie basin by the U.S. Army Corps of Engineers as part of
the Lake Erie Wastewater Management Study. The texture of the soil material in
the Ephesurface is also important when discussing runoff.
Land Cover Data
Another major component of the basinwide data base is a current inventory
of land cover. Encompassing all of the U.S. portion of the Great Lakes basin,
the land cover inventory is based on Landsat satellite imagery collected during
the spring periods of 1976 and 1977. Two Landsat satellites circle the earth
at an altitude of 570 miles, measuring the light reflected from the earth's
surface for four wavelengths of light. These data are registered for every 1.1
acres on the land surface. The information is then put on computer tapes that
can be analyzed for various land cover classes. The data base used in this
study consisted of 10 major classes (based on the USGS Level 1 classification):
wetland, deciduous forest, coniferous forest, brushland, grassland, barren,
plowed field, high density residential, commercial/industrial, and open water.
These land cover data were compiled for each of the 72 major hydrologic areas
in the United States Great Lakes basin. A further description of the Landsat
methodology and the tabulated data are available in Monteith and Jarecki (1978).
In addition to the published data on hydrologic areas, the land cover data have
also been used to generate inventories for more than 200 subwatersheds and 191
counties. Neither of these latter inventories have been published but have been
used extensively in PLUARG activities.
In order to complement the tabulated land cover data a series of six color
maps were prepared for selected areas of the U.S. basin. Each 1.1 acre cell
that had been classified in the Landsat process was assigned one of ten colors
(a color for each class). These images were then printed with hydrologic and
political map overlay information. Only two sets of these maps were prepared
and are available for use at either the Great Lakes Basin Commission office in
Ann Arbor or the Great Lakes National Program Office of the U.S. EPA in Chicago.
As was the case with soil texture data, the major limitation on the use of
the land cover inventory is scale. The data were developed to be used on a re-
gional scale using inventory and classification procedures Suitable for covering
large areas efficiently. As a result, the accuracy of the tabulated data declines
as the area of interest gets smaller. Although the classification for a single
1.1 acre cell could be reported, the practical limit of resolution is around
1,000 square kilometers (400 milesz) or a single county.
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TABLE 2
General Terms
 
*
Common Names Texture
Sandy soils Sand
 
Coarse Loam
Medium Loam
Loamy soils
Fine Loam
Clayey soils Clay
 
*
Included on soil texture maps
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U.S. DEPARTMENT OF AGRICULTURE
BASIC SOIL TEXTURE CLASSIFICATION SYSTEM
Basic Soil Textural
Class Names
Sandy
Loamy sands
Sandy loam
Fine sandy loam
Very fine sandy loam
Loam
Silt loam
Silt
Clay loam
Sandy clay loam
Silty clay loam
 
Sandy clay
Silty clay
Clay
 
 A comparison was made between the PLUARG data and existing 208 planning
data for developed land in the U.S. coastal counties. For the PLUARG infor—
mation, developed land was defined as the high density residential and the come
mercial/industrial grOups. A linear regression, with the independent variable
being the PLUARG data and the dependent variable the 208 data, provided a good
correlation with r=.93. The analysis showed that in areas with high densities
of developed land the PLUARG data tends to overestimate the amount of land
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t c
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s d
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Other Land Factor Information
 
Alt
hou
gh
the
soi
l t
ext
ure
and
lan
d c
ove
r d
ata
des
cri
bed
abo
ve
is
use
ful
in
ana
lyz
ing
non
poi
nt
sou
rce
inp
uts
to
the
lak
es,
it
is
not
the
onl
y i
nfo
rma
tio
n
ava
ila
ble
.
As
was
men
tio
ned
abo
ve,
for
exa
mpl
e,
man
y o
f t
he
Sec
tio
n 2
08
wat
er
qua
lit
y m
ana
gem
ent
pla
nni
ng
age
nci
es
are
dev
elo
pin
g m
uch
mor
e d
eta
ile
d i
nve
n—
tor
ies
of
soi
l
and
lan
d c
ove
r
as
wel
l
as
oth
er
fac
tor
s
rel
ate
d
to
non
poi
nt
sou
rce
s.
The
re
is
als
o a
ddi
tio
nal
inf
orm
ati
on
ava
ila
ble
fro
m P
LUA
RG,
par
tic
ula
rly
Tas
k B
.
Thi
s s
ect
ion
bri
efl
y d
esc
rib
es
the
inf
orm
ati
on
tha
t i
s a
vai
lab
le
at
pre
sen
t
or will be used to augment the existing data.
Cur
ren
t
Inf
orm
ati
on.
In
add
iti
on
to
the
soi
ls
inf
orm
ati
on
tha
t
for
med
the
bas
is
for
the
soi
l
tex
tur
e
map
s,
U.S
.
Tas
k
B o
f P
LUA
RG
com
pil
ed
an
inv
ent
ory
of
inf
orm
ati
on
use
ful
in
ass
ess
ing
non
poi
nt
sou
rce
pro
ble
ms
on
a r
egi
ona
l
sca
le.
Sev
era
l
spe
cif
ic
ite
ms
sho
uld
be
men
tio
ned
at
thi
s
tim
e.
One
is
an
inv
ent
ory
of
mat
eri
als
app
lie
d
to
the
lan
d
(Do
net
h,
197
5),
wit
h
ann
ual
usa
ge
rat
es,
by
co
un
ty
,
fo
r
fe
rt
il
iz
er
s,
ma
nu
re
s,
pe
st
ic
id
es
,
an
d
ro
ad
sa
lt
s
(b
as
e
ye
ar
s
ra
ng
e
fr
om
19
69
to
19
73
).
Re
gi
on
al
an
d
ba
si
nw
id
e
ov
er
vi
ew
s
ar
e
al
so
in
cl
ud
ed
in
th
e
re
po
rt
.
Th
e
in
fo
rm
at
io
n
in
th
is
re
po
rt
re
pr
es
en
ts
a
go
od
st
ar
ti
ng
po
in
t
fr
om
wh
ic
h
to
ba
se
an
ev
al
ua
ti
on
of
th
e
ef
fe
ct
s
of
ma
te
ri
al
ap
pl
ic
at
io
ns
on
no
np
oi
nt
source loads.
An
ot
he
r
us
ef
ul
se
t
of
in
fo
rm
at
io
n
av
ai
la
bl
e
fr
om
th
e
U.
S.
Ta
sk
B
ac
ti
vi
ti
es
is
an
in
ve
nt
or
y
of
sp
ec
ia
li
ze
d
la
nd
us
es
(P
LU
AR
G,
19
75
);
in
te
ns
iv
e
li
ve
st
oc
k
op
er
at
io
ns
,
so
li
d
an
d
li
qu
id
wa
st
e
di
sp
os
al
op
er
at
io
ns
,
an
d
de
ep
we
ll
di
sp
os
al
si
te
s
in
pa
rt
ic
ul
ar
.
Es
ti
ma
te
s,
ba
se
d
on
19
70
ce
ns
us
fi
gu
re
s,
ar
e
al
so
in
cl
ud
ed
fo
r
on
—s
it
e
wa
st
e
di
sp
os
al
sy
st
em
de
ns
it
y.
Al
th
Ou
gh
th
er
e
ma
y
be
a
ne
ed
to
up
da
te
so
me
of
th
is
in
fo
rm
at
io
n,
it
do
es
no
ne
th
el
es
s
pr
es
en
t
a
go
od
re
gi
on
al
overview.
Ad
di
ti
on
al
in
fo
rm
at
io
n
ha
s
al
so
be
en
co
mp
il
ed
by
U.
S.
Ta
sk
D.
De
ta
il
ed
map
s
and
tab
les
are
ava
ila
ble
con
cer
nin
g s
hor
eli
ne
rec
ess
ion
rat
es,
vol
ume
of
er
od
ed
ma
te
ri
al
,
an
d
ch
em
ic
al
in
pu
ts
fr
om
sh
or
el
in
e
er
os
io
n
(d
es
cr
ib
ed
in
Se
ib
el
,
Ar
ms
tr
on
g
an
d
Al
ex
an
de
r,
19
76
;
an
d
Mo
nt
ei
th
an
d
So
nz
og
ni
,
19
76
).
Th
is
ma
te
ri
al
,
 
while not directly applicable to assessing nonpoint source loads, is useful in
evaluating the overall material balance of the lakes.
A great deal of information has also been compiled concerning point source
loadings, both directly to the lakes as well as to tributaries; this information
has been used in the evaluation of pollutant transport reported elsewhere in the
report. Information of this kind is essential if nonpoint source inputsare to
be measured and evaluated relative to other sources of pollutants. It is also
important if the information base is to be used in making management decisions.
As was pointed out in the PLUARG final report, both point and nonpoint source
inputs must be evaluated in a management framework.
Other Information. Since PLUARG completed its report a great deal of in—
formation related to both point and nonpoint source pollution has become avail-
able--primarily from the state and regional Section 208 water quality planning
programs. It includes the detailed land cover and soils data mentioned earlier
as well as population projections, point and nonpoint source problems, and manage-
ment plans. Efforts are presently underway to collect this information and suur
marize it in afOrnluseful to resource planners and policymakers. Also included
in this effort will be information from other pertinent scurces, such as the
Corps of Engineers Lake Erie Wastewater Management Study.
ANALYSIS OF LAND FACTOR/WATER QUALITY RELATIONSHIPS
The first section of this chapter briefly outlined the relationships be-
tween land factors and water quality. These relationships are generally well
supported from both theoretical and empirical perspectives. This section pre-
sents the results of several studies designed to characterize this relationship
in more detail through the application of statistical procedures. The discussion
is presented in three parts: a brief review of the literature, including those
studies carried out as a part of PLUARG; a comparison of two major tributaries,
the Maumee and Grand rivers; and an overview of land factor—pollutant load re-
lationships on a basinwide basis.
Review of Related Literature
 
The most comprehensive study dealing with the influence of land factors
on water quality using statistical techniques seen to date was recently completed
by EPA (Omernik, 1977). Using data collected at more than 900 locations nation—
wide, correlation and regression techniques were used to examine the strength
of the relationship between "macro—drainage area characteristics" (particularly
land use) and stream nutrient concentrations (total and inorganic forms of ni—
trogen and phosphorus). Important products of the study were predictive equa-
tions and nationwide maps of predicted stream nutrient concentrations. The best
predictor of nutrient concentrations was found to be percent of the watershed
in contributing land use (Z urban + Z agriculture, with correlation coefficients
ranging from 0.50 to 0.75). The regression equations were functions of the
form:
log10 concentration = b + a - [Z contributing area].
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No significant improvement in predictive capability was gained using more conr
plicated models. It was also found that "differences in nutrient loads in streams
associated with different land use categories were not as pronounced as differ—
ences in nutrient concentrations."
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or unit area load) is the tremendous variability observed in the dependent (water
quality) variables, even when land factors are held constant. The Task C results
described earlier demonstrated the extent of this variability: unit area loads
of suspended solids from cropland ranged from 20 to 5,100 kg/ha/yr, while total
phosphorus loads of 0.2 to 4.6 kg/ha/yr were observed. A large portion of this
variability may be accounted for if other physical factors were included, such
as soil texture class. Other important sources of variation include land
management and cropping practices, physiographic factors, and local climate
variations. '
Because of the widely fluctuating characterof the data, an analysis of
the patterns of variability may be a more fruitful approach to the problem.
This approach was used previOusly to examine differences among watersheds around
the Great Lakes (Monteith and Skimin, 1978). VariOus subsetsof the total sample,
which included suspended sediment data for 25 tributaries, were defined based
on the dominant land cover (forest versus agriculture) and SOil texture (clay,
loam or sand) found in each watershed. Frequency distributions for sediment
concentration were developed for each subset and comparisons made. For example,
Figure 16 shows three frequency distributions for forested watersheds with sand,
loam and fine—textured soils, respectively. In a similar fashion, Figure 17
shows frequency distributions observed for forested and agricultural watersheds.
Similar patterns were found by Omernik (1977) on the basis of phosphorus and
nitrogen concentration.
Comparison of the Grand and Maumee
 
Daily concentration and load estimates for total phosphorus and suspended
sediment covering periods of approximately 15 months were used to compare the
Grand River of Michigan and the Maumee River of Ohio. Comparisons were made
using the frequency distributions of the loads, as well as general patterns in
the seasonal nature of the two rivers. Although the watersheds are similar in
terms of size (14,660 km2 verSus 17,100 km2 for the Grand and Maumee, respec—
tively) and general climate, the two differ markedly in dominant soil texture
(see Figures 5 and 10), intensity of agricultural activity and importance of
point source inputs.
The results presented additional evidence that streams with extensive areas
of clay in their watersheds behave very differently than Watersheds with rela—
tively little clay. Based on the sample data for the Grand and Maumee rivers,
these differences extend to the general distribution of flow and pollutant load
values as well as relationships among flow and the concentration of pollutants.
Specifically, the results showed that the sample distributions of flow, sediment
load and total phosphorus load for the two rivers are significantly differenti‘
Large differences between mean and median values showed that high load events ~
are much more significant_on the Maumee than on the Grand.
" substantial differences were also found in the flow and concentration.eu
In the Grand,3phosPhorus concentration remains essentially stable throughout
much of the year, regardless of variations in flow. Nor are there apparent
relationsh ps between sediment concentration and either flow or phosphorus.
The Maumee data, on the otherfhand, show a fairly high correlation betweemiflow
’ I-,.
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1
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 The results of these analyses are summarized below.
Sediment and Total Phosphorus
Several past attempts to relate observed water quality conditions to various
land factors using statistical techniques were described earlier. Two in par—
ticular, those prepared by Omernik (1977) and Lystrom et al. (1978), illustrate
two different approaches to the same problem. Omernik utilized data from more
than 900 sites collected across the nation. In an attempt to develop predictive
equations for phosphorus concentration in the receiving waters, the best results
were
found
using
the "
perce
nt c
ontri
butin
g are
a" (
Z urb
an +
Z agr
icult
ure)
as th
e
independent variable in a function of the form:
log [P] = b + a (Z urban + Z agriculture).
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a wi
de r
ange
of f
acto
rs
that
may
have
sign
ific
ant
infl
uenc
e on
wate
r qu
alit
y.
Of t
he 1
7 wa
ter
qual
ity
para
mete
rs i
nclu
ded
in t
heir
samp
le,
14 w
ere
sign
ific
antl
y
rela
ted
to l
and
fact
ors
usin
g re
gres
sion
anal
ysis
on l
ogar
ithm
ical
ly t
rans
form
ed
dat
a.
Coe
ffi
cie
nts
of
det
erm
ina
tio
n f
or
pho
sph
oru
s
and
sed
ime
nt
equ
ati
ons
ran
ged
from
0.56
to 0
.84.
Thus
, wh
ile
ther
e is
some
impr
ovem
ent
in t
he p
redi
ctiv
e
capab
ility
of th
e equ
ation
s ove
r th
ose
devel
oped
based
on na
tionw
ide d
ata,
there
is still an unexplained variance of up to 44 percent.
The analysis performed in this study used suspended sediment and total
phos
phor
us l
oads
for
1975
and/
or 1
976
for
71 a
nd 8
6, r
espe
ctiv
ely,
U.S.
trib
u—
tari
es t
o th
e Gr
eat
Lake
s (
from
Sonz
ogni
et a
l.,
1978
).
The
data
were
tran
s—
form
ed t
o a
unit
area
basi
s to
mini
mize
the
effe
ct o
f wa
ters
hed
area
.
Land
fact
ors
used
in t
he a
naly
sis
incl
uded
the
foll
owin
g (e
xpre
ssed
in t
erms
of t
he
per
cen
t o
f t
he
wat
ers
hed
in
eac
h c
las
s):
coa
rse
soi
ls,
loa
my
soi
ls,
fin
e s
oil
s,
for
est
, g
ras
sla
nd,
plo
wed
fie
lds
and
urb
an
are
a (
lan
d c
ove
r d
ata
fro
m M
ont
eit
h
and
Jare
cki,
1978
).
In a
ddit
ion
to a
naly
zing
the
data
set
in t
oto,
the
foll
owin
g
str
ati
fic
ati
on
sch
eme
s w
ere
use
d i
n a
n a
tte
mpt
to
rem
ove
pos
sib
le
sou
rce
s o
f
add
ed
var
ian
ce:
lak
e b
asi
n,
wat
ers
hed
siz
e
and
deg
ree
of
urb
an
dev
elo
pme
nt.
The
cor
rel
ati
ons
wer
e
gen
era
lly
bet
ter
(i.
e.,
mor
e s
ign
ifi
can
t)
wit
h t
he
pho
sph
oru
s d
ata
tha
n w
ith
the
sus
pen
ded
sed
ime
nt
dat
a.
Reg
res
sio
n e
qua
tio
ns
wer
e d
eve
lop
ed
for
sel
ect
ed
cas
es
usi
ng
a l
ine
ar
for
m w
ith
one
or
mor
e i
nde
pen
-
den
t v
ari
abl
es.
Coe
ffi
cie
nts
of
det
erm
ina
tio
n r
ang
ed
fro
m 0
.53
to
0.8
4.
In
com
par
iso
n t
o s
imi
lar
stu
die
s w
ith
mor
e o
bse
rva
tio
ns
or
a w
ide
r r
ang
e o
f i
nde
—
pen
den
t v
ari
abl
es,
the
se
res
ult
s a
re
abo
ut
as
goo
d a
s c
oul
d b
e e
xpe
cte
d.
In
gen
era
l,
the
bes
t c
orr
ela
tio
ns
for
tot
al
pho
sph
oru
s w
ere
fou
nd
in
the
Lak
e S
upe
rio
r a
nd
Hur
on
bas
ins
.
One
pos
sib
le
exp
lan
ati
on
for
thi
s m
ay
be
the
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fact that both are relatively "simple" in terms of potential pollutant sources;
neither one is dominated by major urban areas or extensive areas of agriculture
on fine—textured soils. This may result in a more clear-cut link between land
factors and resultant water quality conditions.
There are, of course, other factors which may be involved in the Lake Su—
perior and Huron results. For instance, many of the streams in the Lake Superior
basin are relatively short, with small drainage areas. In another part of this
analysis, it was found that the best correlations between total phosphorus load
and land factors was for watersheds of less than 500 ka. In the Lake Huron
basin, many of the streams drain forested areas with coarse—textured soils.
These streams would tend to be non—event responsive, with much more stable flows
and a relatively narrow-range of phosphorus concentrationvalues. This could
also improve the correlation results.
The importance of urban areas was suggested in the results for Lake Michigan,
where percent urban area was the variable most highly correlated with total phos-
phorus load. The analysis indicates that, as the level of urban development in
a watershed increased, the relationship between total phosphorus load and other
land factors became less clear. This may reflect the importance of constant
point source inputs from municipal treatment plants relative to the variable
inputs from the land surface.
As was stated at the outset of this discussion, the analysis of loads as a
function of land factors using statistical methods often does not yield clear—
cut results, even when the empirical evidence for such a relationship is quite
strong. Limitations on the capability of statistical methods in this context
do not appear to have been overcome by increased observations or the addition
of more independent variables.
An analysis was also conducted of data on the concentration of heavy metals
associated with Great Lakes river mouth data which was presented in Fitchko and
Hutchinson (1975). Once again, little additional insight was gained from this
analysis. There did seem to be a correlation between river mouth sediment metal
conc
entr
atio
ns a
nd u
rban
area
.
Howe
ver,
base
d on
the
data
avai
labl
e,
the
rela
—
tive importance of point verSus nonpoint inputs could not be established.
  
  
PHOSPHORUS LOADS
One
of
the
pri
mar
y o
bje
cti
ves
of
U.S
. T
ask
D w
as
to
det
erm
ine
the
imp
ort
anc
e
of
lan
d—d
eri
ved
pol
lut
ant
sou
rce
s r
ela
tiv
e t
o o
the
r s
our
ces
.
In
ord
er
to
mak
e
thi
s d
ete
rmi
nat
ion
all
scu
rce
s o
f p
hos
pho
rus
, w
hic
h i
s t
he
mos
t s
ign
ifi
can
t
Gre
at
Lak
es
pol
lut
ant
der
ive
d f
rom
lan
d d
rai
nag
e,
hav
e b
een
inv
est
iga
ted
.
The
se
sou
rce
s i
ncl
ude
mun
ici
pal
and
ind
ust
ria
l p
oin
t s
cur
ces
, d
iff
use
tri
but
ary
, a
t-
mos
phe
ric
,
sho
rel
ine
ero
sio
n,
and
sou
rce
s g
ene
ral
ly
not
con
sid
ere
d,
suc
h a
s
wat
erf
owl
exc
ret
ion
.
The
yea
r—t
o—y
ear
var
iab
ili
ty
of
the
sou
rce
s
and
a c
omp
ari
son
of
dif
fer
ent
loa
din
g e
sti
mat
es
by
maj
or
stu
die
s
are
add
res
sed
.
A d
isc
uss
ion
is
inc
lud
ed
on
mov
eme
nt
of
poi
nt
and
non
poi
nt
inp
uts
to
the
tri
but
ary
sys
tem
and
how
aSS
ump
tio
ns
on
tra
nsm
iss
ion
may
aff
ect
the
rel
ati
ve
imp
ort
anc
e
of
poi
nt
versus nonpoint sources.
DIF
FER
ENC
ES
IN
GRE
AT
LAK
ES
PHO
SPH
ORU
S
LOA
D
EST
IMA
TES
MAD
E
BY
PLU
ARG
,
WAT
ER
QUA
LIT
Y
BOARD, AND THE FIVE YEAR REVIEW GROUP
Inc
ons
ist
enc
ies
hav
e
occ
urr
ed
in
the
pho
sph
oru
s
loa
d e
sti
mat
es
mad
e
in
ma
jo
r
st
ud
ie
s.
Th
e
re
su
lt
s
of
th
re
e
of
th
es
e
st
ud
ie
s
ma
de
in
19
76
ar
e
sh
ow
u
in Table 3.
 
TABLE 3
197
6
EST
IMA
TED
TOT
AL
PHO
SPH
ORU
S
LOA
DS
FOR
THE
GRE
AT
LAK
ES
(MT/YR)
Lake Water Quality Board1 Task Group2 PLUARG3
Sup
eri
or
360
0
360
0
420
0
Michigan 6600 6700 6400
Huron 4800 4300 4900
Eri
e
15,
400
19,
700
17,
500
Ont
ari
o
12,
700
12,
800
11,
800
1. International Joint Commission (1977f)
2. International Joint Commission (1978) n
3. Pollution from Land Use Activities Reference Group (1978a)
 Inconsistencies are to be expected given the large amount of data that
must be synthesized and the constantly changing status of this information.
Differences may also occur as a result of boundary definitions (e.g., between
basi
ns o
r be
twee
n di
rect
and
indi
rect
poin
t so
urce
s).
Neve
rthe
less
, t
he l
oad
esti
mate
s cu
rren
tly
comp
iled
are
agre
eabl
e,
espe
cial
ly w
hen
reas
ons
for
the
differences are understood.
Fro
m a
man
age
men
t p
ers
pec
tiv
e,
it
is
imp
ort
ant
not
to
put
gre
at
sig
nif
i-
can
ce
on
sma
ll
dif
fer
enc
es
in
loa
d e
sti
mat
es.
Dif
fer
enc
es
of
a f
ew
hun
dre
d m
et-
ric
ton
s o
f t
ota
l p
hos
pho
rus
inp
ut,
or
in
the
cas
e o
f L
ake
Eri
e,
eve
n a
s m
uch
as
a t
hou
san
d m
etr
ic
ton
s,
are
sma
ll
rel
ati
ve
to
inh
ere
nt
err
ors
in
the
est
ima
te.
Loa
ds
nee
d n
ot
be
kno
wn
wit
h s
upe
r a
ccu
rac
y a
nd
pre
cis
ion
to
dev
elo
p s
oun
d c
on—
tro
l s
tra
teg
ies
, n
or
wou
ld
it
be
cos
t—e
ffe
cti
ve
to
obt
ain
loa
ds
wit
h a
n e
xtr
eme
ly
hig
h d
egr
ee
of
acc
ura
cy
and
pre
cis
ion
.
Nat
ura
l y
ear
—to
—ye
ar
var
iab
ili
ty
in
the
loa
d f
rom
dif
fus
e s
our
ces
due
to
cli
mat
ic
var
iat
ion
s
(pr
oba
bly
10—
15
per
cen
t
of the total load) exemplifies this point.
Tab
le
4 s
how
s t
he
sou
rce
s o
f d
ata
use
d b
y t
he
dif
fer
ent
stu
die
s
for
mak
ing
pho
sph
oru
s l
oad
ing
est
ima
tes
.
As
ind
ica
ted
in
Tab
le
4,
U.S
.
tri
but
ary
loa
din
g
dat
a u
sed
by
PLU
ARG
was
bas
ed
on
a r
epo
rt
pre
par
ed
by
the
Gre
at
Lak
es
Bas
in
Com
mis
sio
n s
taf
f (
Son
zog
ni
and
Mon
tei
th,
(19
78)
-
Thi
s r
epo
rt
inc
lud
es
a c
omp
ari
son
TABLE 4
SOURCES OF DATA FOR PHOSPHORUS LOAD ESTIMATES
Tributary and Municipal/Industrial Loads
Wat
er
Qua
lit
y B
oar
d —
— d
eri
ved
fro
m d
ata
sub
mit
ted
by
Sta
te
or
Pro
vin
ce.
Tas
k G
rou
p —
— b
asi
cal
ly
upd
ate
d W
ate
r Q
ual
ity
Boa
rd
dat
a e
xce
pt
for
Sag
ina
w B
ay
(U.
S.
EPA
dat
a)
and
Lak
e E
rie
(U.
S.
Arm
y
Corps of Engineers' Lake Erie Wastewater Management
Study estimates).
PLU
ARG
——
U.S
.
tri
but
ary
dat
a f
or
all
lak
es
exc
ept
Eri
e b
ase
d o
n
PLU
ARG
rep
ort
pre
par
ed
by
Gre
at
Lak
es
Bas
in
Com
mis
sio
n
wh
ic
h
ut
il
iz
ed
st
at
e
da
ta
,
un
iv
er
si
ty
da
ta
,
PL
UA
RG
da
ta
,
etc
.
Er
ie
tr
ib
ut
ar
y
da
ta
ba
se
d
on
U.S
.
Ar
my
Co
rp
s
of
Engineers information.
Atmospheric Loads
Wa
te
r
Qu
al
it
y
Bo
ar
d
an
d
Ta
sk
Gr
ou
p
at
mo
sp
he
ri
c
da
ta
es
se
nt
ia
ll
y
th
e
sam
e.
PLU
ARG
atm
osp
her
ic
loa
d b
ase
d
on
a r
ece
nt
rep
ort
by
the
Gre
at
Lak
es
atm
osp
her
ic
loa
din
g
exp
ert
s
and
is
in
eff
ect
an
upd
ate
of
Wat
er
Quality Board/Task Group estimates.
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of estimates by the Basin Commission and Water Quality Board and emphasizes the
difference in the rivers investigated and the number of measurements upon which
the loads were based. This report should be consulted for more detailed infor—
mation.
Listed below is a summary of the difference in total phosphorus load esti-
mates (sum of all sources) for each of the lakes.
Lake Superior
Little difference exists between load estimates for Lake Superior. PLUARG
reported a slightly higher total load, largely as a result of a higher atmospheric
phosphorus loading estimate.
Lake Michigan
Little difference exists between the total load estimates. The somewhat
lower PLUARG estimate is likely due to a more aCCurate estimate of the total
tri
but
ary
inp
ut.
‘
Lake Huron
Litt
le d
iffe
renc
e eX
ists
betw
een
the
tota
l lo
ad e
stim
ates
.
The
lowe
r Ta
sk
Grou
p es
tima
te i
s la
rgel
y a
resu
lt o
f th
e Sa
gina
w Ba
y lo
ad.
The
Task
Grou
p's
Sagin
aw Ba
y loa
d was
based
on de
taile
d dat
a co
llect
ed fo
r a s
pecia
lized
study
of
the
Bay
cond
ucte
d by
the
U.S.
Envi
ronm
enta
l Pr
otec
tion
Agen
cy.
'Ano
ther
reas
on
for
the
diff
eren
ce i
s th
at E
PA's
data
was
base
d on
the
cale
ndar
whil
e PL
UARG
's
esti
mate
s we
re b
ased
on t
he w
ater
year
. D
iffe
renc
es i
n pr
ecip
itat
ion
and
runo
ff
over
thes
e ti
me s
pans
coul
d ha
ve c
ontr
ibut
ed t
o th
e di
ffer
ence
s in
the
load
esti
—
mates.
Lake Erie
The
lar
ges
t d
isc
rep
anc
y b
etw
een
the
loa
d e
sti
mat
es
exi
sts
for
Lak
e E
rie
.
The
Wat
er
Qua
lit
y B
oar
d e
sti
mat
e i
s l
ike
ly
und
ere
sti
mat
ed
due
to
the
lim
ite
d
num
ber
of
dat
a u
sed
in
the
ir
cal
cul
ati
ons
.
In
par
tic
ula
r,
the
res
ult
s o
f t
he
ext
ens
ive
eve
nt
tri
but
ary
mon
ito
rin
g p
rog
ram
con
duc
ted
as
par
t o
f t
he
Lak
e E
rie
Was
tew
ate
r M
ana
gem
ent
Stu
dy
(U.
3.
Arm
y C
orp
s o
f E
ngi
nee
rs,
197
5)
wer
e n
ot
use
d
in their estimates.
+
Dis
reg
ard
ing
the
Wat
er
Qua
lit
y B
oar
d e
sti
mat
es,
att
ent
ion
is
foc
use
d o
n t
he
dif
fer
enc
es
in
the
est
ima
tes
of
the
Tas
k G
rou
p a
nd
PLU
ARG
.
Tab
le
5 c
omp
are
s t
he
phosphorus loads reported by these two sources.
 
  
TABLE 5
SUMMARY COMPARISON OF LAKE ERIE 1976 TOTAL PHOSPHORUS LOADS AS
DETERMINED BY THE TASK GROUP AND PLUARG
(METRIC TONS/YEAR)
Total
Tri
but
ary
Dir
ect
Atm
osp
her
ic
U.S.
Task Group 7,732 6,957
PLUARG 7,732 5,699
Canada
Task Group 2,544 245
PLUARG 1,911 234
U.S./Canada
Tas
k G
rou
p
1,1
19
PLU
ARG
774
No
te
th
at
the
ma
jo
r
di
ff
er
en
ce
s
be
tw
ee
n
th
e
Ta
sk
Gr
ou
p
an
d
th
e
PL
UA
RG
re
po
rt
are
wit
h
the
Can
adi
an
tot
al
tri
but
ary
loa
d,
the
U.S
.
dir
ect
loa
d,
and
the
atm
os—
ph
er
ic
in
pu
t.
As
id
e
fr
om
th
e
at
mo
sp
he
ri
c
in
pu
ts
(th
e
di
ff
er
en
ce
is
du
e
to
mo
re
cu
rr
en
t
at
mo
sp
he
ri
c
lo
ad
in
g
da
ta
av
ai
la
bl
e
to
PL
UA
RG
)
an
d
th
e
Ca
na
di
an
tr
ib
ut
ar
y
in
pu
ts
(T
as
k
Gr
ou
p
Ca
na
di
an
tr
ib
ut
ar
y
lo
ad
s
we
re
ba
se
d
on
an
es
ti
ma
te
ma
de
by
U.
S.
Ar
my
Co
rp
s
of
En
gi
ne
er
s)
,
th
e
ma
in
di
ff
er
en
ce
is
in
th
e
U.
S.
di
re
ct
lo
ad
.
Th
e
PL
UA
RG
U.
S.
di
re
ct
so
ur
ce
s
es
ti
ma
te
is
ov
er
1,
00
0
me
tr
ic
to
nn
es
lo
we
r
th
an
th
e
Ta
sk
Gr
ou
p
es
ti
ma
te
.
Ta
bl
e
6
su
mm
ar
iz
es
di
ff
er
en
t
es
ti
ma
te
s
ma
de
of
di
re
ct
in
pu
ts
to
U.S
.
La
ke
Er
ie
.
No
te
th
at
th
e
Ta
sk
Gr
ou
p
(i.
e.,
U.S
.
Ar
my
Co
rp
s
of
TABLE 6
19
76
TO
TA
L
PH
OS
PH
OR
US
LO
AD
ES
TI
MA
TE
S
TO
LA
KE
ER
IE
FROM DIRECT SOURCES
metric tons/year
Task Group (U.S. Army Corps of Engineers, 1975) 6,957
Great Lakes Basin Commission (early estimate,
unp
ubl
ish
ed)
6,5
00
Great Lakes Basin Commission (revised estimate
use
d i
n o
ver
vie
w m
ode
lin
g;
Joh
nso
n e
t a
1.,
197
8)
6,7
50
PLU
ARG
5,5
88
Wat
er
Qua
lit
y B
oar
d
5,6
61
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Engineers estimates) and Great Lakes Basin Commission estimates are fairly close.
The PLUARG estimate is similar to the Water Quality Board estimate. Since the
Water Quality Board estimate is not based on as detailed information as that of
the
Basi
n Co
mmis
sion
or t
he C
orps
of E
ngin
eers
, t
he P
LUAR
G es
tima
te i
s pr
obab
ly
low.
This
low
dire
ct s
ourc
e es
tima
te,
alon
g wi
th t
he C
anad
ian
trib
urar
y lo
ad
diff
eren
ce a
nd t
he a
tmos
pher
ic l
oad
diff
eren
ce a
ccou
nts
for
the
main
diff
eren
ce
betw
een
the
PLUA
RG a
nd t
he T
ask
Grou
p es
tima
te.
Cons
eque
ntly
, t
he T
ask
Grou
p
estimate is believed to be the more reasonable.
Lake Onatrio
Lit
tle
dif
fer
enc
e e
xis
ts
bet
wee
n t
he
tot
al
loa
d e
sti
mat
es
for
Lak
e O
nta
rio
.
The
low
er
PLU
ARG
est
ima
te
is
lar
gel
y d
ue
to
a l
owe
r f
igu
re
for
the
atm
osp
her
ic
pho
sph
oru
s i
nput
.
Sin
ce
PLU
ARG
's
atm
osp
her
ic
inp
ut
est
ima
tes
wer
e
bas
edo
n t
he
mos
t c
urr
ent
inf
orm
ati
on
(not
ava
ila
ble
to
the
oth
er
stu
die
s),
the
PLU
ARG
est
ima
te
should carry the greatest weight.
MID-1970 PHOSPHORUS LOADS
 
A m
ore
det
ail
ed
loo
k a
t t
ota
l p
hos
pho
rus
loa
din
gs
to
the
Gre
at
Lak
es
dur
ing
the
mid
—19
70'
s i
s p
res
ent
ed
in
Tab
le
7.
The
se
fig
ure
s w
ere
bas
ed
on
the
est
ima
tes
of
the
thr
ee
sou
rce
s d
isc
uss
ed
pre
vio
usl
y,
as
wel
l a
s i
nfo
rma
tio
n f
rom
oth
er
sum
mar
y
sou
rce
s.
(Ch
apr
a,
in
pre
ss;
And
ren
et
al.
,
197
7;
Cas
ey
and
Sal
bac
h,
197
4;
Joh
nso
n e
t a
l.,
197
8;
U.S
.
Arm
y
Cor
ps
of
Eng
ine
ers
,
197
5;
Mon
tei
th
and
Son
zog
ni,
197
6;
Son
zog
ni
et
al.
,
197
8).
The
maj
ori
ty
of
the
inf
orm
ati
on
was
ava
ila
ble
for
water years 1975 and 1976.
In
Tab
le
7 p
oin
t
sou
rce
s
hav
e b
een
dif
fer
ent
iat
ed
as
dir
ect
inp
uts
(ge
ner
all
y
loc
ate
d
bel
ow
riv
er
mou
th
mon
ito
rin
g s
tat
ion
s o
r d
ire
ct
to
the
lak
es)
and
tri
bu-
tar
y
inp
uts
(di
sch
arg
ing
to
tri
but
ari
es
at
a l
oca
tio
n
ups
tre
am
of
the
riv
er
mou
th)
.
Dif
fus
e
sou
rce
s
inc
lud
e
tri
but
ary
and
atm
osp
her
ic
inp
uts
.
The
tri
but
ary
dif
fus
e
in
pu
t
co
ns
is
ts
of
bo
th
la
nd
ru
no
ff
an
d
ba
se
fl
ow
(g
ro
un
d
wa
te
r
in
pu
ts
).
To
ta
l
ph
os
ph
or
us
in
pu
ts
as
so
ci
at
ed
wi
th
Gr
ea
t
La
ke
s
sh
or
el
in
e
er
os
io
n
ha
ve
al
so
be
en
included in Table 7.
Po
in
t
so
ur
ce
lo
ad
s
in
cl
ud
e
bo
th
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
so
ur
ce
s,
al
th
ou
gh
th
e
in
du
st
ri
al
in
pu
ts
of
ph
os
ph
or
us
ar
e
re
la
ti
ve
ly
mi
no
r.
Po
in
t
so
ur
ce
in
pu
ts
to
tr
ib
ut
ar
ie
s
we
re
as
su
me
d
to
be
co
mp
le
te
ly
tr
an
sm
it
te
d
to
the
Gr
ea
t
La
ke
s.
A
fu
rt
he
r
di
sc
us
si
on
on
tr
an
sm
is
si
on
an
d
it
s
ef
fe
ct
on
es
ti
ma
ti
ng
th
e
di
st
ri
bu
ti
on
’
be
tw
ee
n
po
in
t
an
d
no
np
oi
nt
so
ur
ce
co
nt
ri
bu
ti
on
s
is
gi
ve
n
in
a
su
bs
eq
ue
nt
se
ct
io
n.
In
or
de
r
to
pr
ov
id
e
in
si
gh
t
in
to
ye
ar
—t
o—
ye
ar
va
ri
ab
il
it
y
of
la
nd
ru
no
ff
so
ur
ce
s,
up
pe
r
an
d
lo
we
r
bo
un
ds
of
th
e
di
ff
us
e
tr
ib
ut
ar
y
lo
ad
s
we
re
es
ti
ma
te
d
(T
ab
le
7).
Th
es
e
bo
un
ds
we
re
de
ri
ve
d
by
as
su
mi
ng
th
at
th
e
me
an
an
nu
al
di
ff
us
e
tr
ib
ut
ar
y
lo
ad
va
ri
es
di
re
ct
ly
wi
th
me
an
an
nu
al
fl
ow
.
Th
e
ra
ng
e
co
rr
es
po
nd
s
to
pl
us
or
mi
nu
s
tw
o
st
an
da
rd
de
vi
at
io
ns
in
me
an
an
nu
al
fl
ow
(S
on
zo
gn
i
et
al
.,
19
78
,
Wa
te
r
Su
rv
ey
of
Ca
na
da
19
77
)
mu
lt
ip
li
ed
by
th
e
av
er
ag
e
co
nc
en
tr
at
io
n
of
ea
ch
la
ke
's
tr
ib
ut
ar
ie
s
(c
or
re
ct
ed
fo
r
po
in
t
so
ur
ce
s)
.
Th
es
e
ra
ng
es
ar
e
de
si
gn
ed
to
il
lu
st
ra
te
th
at
th
e
di
ff
us
e
tr
ib
ut
ar
y
lo
ad
s
to
ea
ch
of
th
e
la
ke
s
ca
n
va
ry
si
gn
i—
fi
ca
nt
ly
fr
om
on
e
ye
ar
to
an
ot
he
r,
de
pe
nd
in
g
on
me
te
or
ol
og
ic
al
an
d
ru
no
ff
co
nd
i-
ti
on
s.
In
th
is
re
ga
rd
,
fl
ow
fr
om
tr
ib
ut
ar
ie
s
du
ri
ng
th
e
mi
d—
70
's
(w
at
er
ye
ar
s
19
75
an
d
19
76
)
wa
s
ge
ne
ra
ll
y
hi
gh
er
th
an
th
e
me
an
di
sc
ha
rg
e
ov
er
th
e
hi
st
or
ic
al
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19
70
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Point
Direct
Poi
nt
Trib
utar
y
Dif
fus
e
Tri
but
ary
l
Atm
osp
her
ic
Total
Lo
ad
in
g
2
Sh
or
el
in
e
Ero
sio
n
La
ke
Su
pe
ri
or
U.
S.
Can
ada
Lak
e M
ich
iga
n
Low
er
Gre
en
Bay
Upp
er
Gre
en
Bay
Main
Lake
La
ke
Hur
on
U.
S.
Can
ada
Nor
th
Cha
nne
l
Ge
or
gi
an
Ba
y
Sagin
aw Ba
y
Ma
in
La
ke
U.
S.
Canada
Lake
Erie
U.S.
Can
ada
Wester
n Basi
n
U.
S.
Canada
Cen
tra
l B
asi
n
U.S.
Canada
Easter
n Basi
n
U.
S.
Canada
Lak
e O
nta
rio
U.S.
Can
ada
50
7,0
00
6,7
50
250
5,
95
0
5,7
00
250
90
0
90
0
min
ima
l
150
15
0
min
ima
l
2,2
50
1,1
00
1,150
200
15
0
5
0
1,400
30
0
min
ima
l
1,1
00
725
550
17
5
minimal
2
5
55
0
15
0
minimal
15
0
1,3
50
1,1
50
200
650
55
0
10
0
500
50
0
mi
ni
ma
l
200
100
100
1,1
50
1,0
00
15
0
2,400
1.
00
0(
75
0—
12
00
)
1,40
0(11
00—1
900)
2,00
0(14
00-2
000)
4
0
0
150
1,
45
0
2,500
1,2
00(
700
—11
00)
1,3
00(
900
-14
00)
600
50
0
80
0
60
0
4
0
0
200
9,
00
0
6,7
00(
360
0-6
800
)
2.30
0(13
00-2
700)
4,
40
0
3,
90
0
500
2,7
00
2,2
00
50
0
1,9
00
60
0
1,
30
0
2,800
1.700(800—1400)
1,1
00(
700
—14
00)
1,1
00
5
0
30
0
7
2
5
800
10
0
50
0
200
4
5
0
b.0
00
6,9
50
1,200
200
5,5
00
4,5
75
70
0
875
1,4
25
1,5
75
18,
150
11
,1
00
4,6
00
2,450
6,6
50
3,8
00
3,8
00
mi
ni
ma
l
3,
70
0
min
ima
l
10
0
3,600
70
0
30
0
40
0
min
ima
l
min
ima
l
25
675
275
40
0
10,
450
1,0
00
9,4
50
250
150
100
9,
20
0
45
0
3,7
50
1,0
00
40
0
600
1,3
00
500
800
1Ra
nge
in
par
ent
hes
is
is
an
est
ima
te
of
the
lik
ely
ran
ge
in
dif
fus
e
tri
but
ary
loa
din
g
due
to
yea
r t
o y
ear
flo
w
variations.
2
Exc
lud
ing
sho
rel
ine
ero
sio
n.
 
 period of record, except for Lake Superior tributaries whose flow was close to
normal. This is consistent with the mid—1970 diffuse tributary loads in Table 7,
which
, ex
cept
for L
ake
Super
ior,
were
near
or ev
en e
xceed
ed th
e upp
er en
d of
the
estim
ated
norma
l ran
ge.
The h
igh L
ake H
uron
and L
ake
Ontar
io U.
S. Tr
ibuta
ry l
oads
refl
ect
extr
emel
y hi
gh U
.S.
trib
utar
y fl
ow t
o th
ese
lake
s du
ring
the
wate
r ye
ar,
flow
s th
at w
ere
grea
ter
than
two
stan
dard
devi
atio
ns f
rom
the
mean
. T
he y
ear—
to-
yea
r v
ari
abi
lit
y w
ill
be
dis
cus
sed
mor
e f
ull
y i
n t
he
fol
low
ing
sec
tio
n.
The
diff
use
trib
utar
y lo
ads
to e
ach
of t
he l
akes
acco
unt
for
a si
gnif
ican
t
por
tio
n o
f t
he
tot
al
loa
d (
exc
lud
ing
sho
rel
ine
ero
sio
n),
esp
eci
all
y f
or
Lak
es
Sup
eri
or,
Hur
on
and
Eri
e (
Tab
le
7).
The
maj
ori
ty
of
thi
s d
iff
use
loa
d i
s d
eri
ved
fro
m a
gri
cul
tur
al
lan
d,
exc
ept
in
the
Lak
e S
upe
rio
r b
asi
n w
hic
h d
rai
ns
mos
tly
forested land.
As d
iscu
ssed
in P
ollu
tion
from
Land
Use
Acti
viti
es R
efer
ence
Grou
p (1
978)
and
Son
zog
ni
et
al.
,
(19
78)
lan
ds
wit
h p
red
omi
nan
tly
fin
e-t
ext
ure
soi
ls
(i.
e.,
cla
y
soi
ls)
ten
d t
o b
e t
he
lar
ges
t c
ont
rib
uto
rs
of
phO
Sph
oru
s f
rom
agr
icu
ltu
ral
lan
d.
Urb
an
lan
d,
whi
ch
on
a u
nit
are
a b
asi
s c
an
con
tri
but
e m
ore
pho
sph
oru
s t
han
agr
i-
cul
tur
al
lan
d,
com
pri
ses
onl
y a
bou
t
fou
r
per
cen
t o
f
the
bas
in,
so
tha
t
the
tot
al
con
tri
but
ion
fro
m u
rba
n a
rea
s i
s r
ela
tiv
ely
sma
ll.
As
sho
wn
in
Tab
le
7,
the
lar
ges
t
dif
fus
e
tri
but
ary
loa
ds,
as
wel
l
as
the
lar
ges
t
tot
al
loa
ds,
are
del
ive
red
to Lake Erie.
Des
pit
e
the
fac
t
tha
t
tot
al
pho
sph
oru
s
is
a u
sef
ul
par
ame
ter
for
mod
eli
ng
lak
e
tro
phi
c
res
pon
se,
it
sho
uld
be
und
ers
too
d
tha
t
not
all
of
the
tot
al
pho
sph
o-
rus
inp
ut,
esp
eci
all
y
not
all
of
the
par
tic
ula
te
pho
sph
oru
s
fra
cti
on,
is
bio
lo-
gic
all
y
ava
ila
ble
.
Bas
ed
on
rec
ent
inf
orm
ati
on
whi
ch
wil
l b
e
dis
cus
sed
in
a
lat
er
cha
pte
r
of
thi
s r
epo
rt,
app
rox
ima
tel
y
50
per
cen
t o
r m
ore
of
the
tot
al
pho
sph
oru
s
con
tri
but
ed
by
tri
but
ari
es
is
una
vai
lab
le
for
pla
nt
gro
wth
.
A l
arg
e
fr
ac
ti
on
of
th
e
un
av
ai
la
bl
e
ph
os
ph
or
us
is
as
so
ci
at
ed
wi
th
su
sp
en
de
d
pa
rt
ic
le
s.
Th
e
to
ta
l
ph
os
ph
or
us
de
ri
ve
d
fr
om
sh
or
el
in
e
er
os
io
n
is
ev
en
le
ss
av
ai
la
bl
e
(pr
oba
bly
les
s
tha
n
ten
per
cen
t).
Con
seq
uen
tly
,
for
mod
eli
ng
pur
pos
es
sho
rel
ine
ero
sio
n h
as
not
bee
n
con
sid
ere
d
as
par
t o
f
the
tot
al
loa
d
but
rat
her
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a
ste
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st
at
e
ba
ck
gr
ou
nd
in
pu
t
no
t
ab
le
to
be
co
nt
ro
ll
ed
.
Th
is
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ot
he
r
tr
ea
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en
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el
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e
er
os
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n
(I
nt
er
na
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in
t
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mm
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si
on
Te
ch
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l
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ou
p
to
Rev
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sph
oru
s L
oad
ing
s,
197
8;
PLU
ARG
, 1
978
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l
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ad
s
wa
s
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se
d
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fl
y
in
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e
pr
ev
io
us
se
ct
io
n.
Th
e
fo
ll
ow
in
g
di
sc
us
si
on
pr
ov
id
es
mo
re
de
ta
il
on
ho
w
th
e
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ng
e
of
th
e
di
ff
us
e
tr
ib
ut
ar
y
lo
ad
,
gi
ve
n
in
Ta
bl
e
7,
wa
s
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Variability of Tributary Flow
Ra
th
er
dr
am
at
ic
ch
an
ge
s
in
an
nu
al
ri
ve
r
fl
ow
ca
n
oc
cu
r
fr
om
on
e
ye
ar
to
th
e
ne
xt
.
Th
es
e
fl
ow
fl
uc
tu
at
io
ns
,
re
su
lt
in
g
fr
om
di
ff
er
en
ce
s
in
th
e
am
ou
nt
,
in
te
ns
it
y,
an
d
ti
me
of
oc
cu
rr
en
ce
of
pr
ec
ip
it
at
io
n,
ca
n
gr
ea
tl
y
af
fe
ct
lo
ad
s
of
land-derived pollutants to the Great Lakes.
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 To illustrate the fluctuations that can occur in flow, all gaged flows for
U.S. and Canadian rivers were summed for the years 1958 through 1977 and plotted
in Figure 18. The gaged flow was then extrapolated linearly to the ungaged area
to produce a total land runoff for each year over the 20 year period. In this
figure it can be seen that a high of 250,000 cfs occurred in 1969, and a low of
156,000 cfs occurred in 1963. This is an increase (from 1963 to 1969) of 60 per—
cent over only a six year period. The flow fluctuation is also illustrated
(Figure 19) by the flow out of the St. Lawrence River, which drains the Great Lakes.
FIGURE 18
TOTAL MEAN ANNUAL FLOW FOR TRIBUTARIES TO THE GREAT LAKES
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 FIGURE 19
*
MEAN ANNUAL FLOW FOR THE ST. LAWRENCE RIVER
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Variability of Tributary Load
 
In order to provide an insight into the year—to—year variability of land run—
off inputs of total phosphorus to the Great Lakes, upper and lower bounds of the
diffuse tributary loads were estimated based on historical flow data. These bounds
were derived by assuming that the mean annual load varies directly with the mean
annual flow. The appropriateness of this assumption was initially determined by
calculating the ratio of the estimated U.S. diffuse total P tributary load to the
flow in each of the Great Lakes (Table 8). Data for these calculations were
derived principally from Sonzogni et al. (1978) and Table 7.
Note that Table 8 shows relatively good consistency in the load to flow ratio
between 1975 and 1976. Also, average ratios were all between 1.6 and 3.0 except
for Lake Erie, which had a significantly higher load to flow ratio. This higher
ratio is probably the result of the characteristic of the Erie watershed (high
clay content; event response tributaries). Less intensive sampling of non—Lake Erie
tributaries and a consequent underestimation of the tributary load (see Sonzogni
et al., 1978, for further explanation) may also contribute to the difference in
ratios between Erie and the other lakes.
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 TABLE 8
RATIO OF U.S. DIFFUSE TRIBUTARY TOTAL P LOAD (METRIC TONS/YR)
TO TOTAL TRIBUTARY MEAN ANNUAL DAILY FLOW (M3/S)
lQZQ. 1219 Average
Superior 2.6 2.0 2.3
Michigan 1.4 1.7 1.6
Huron 2.5 2.6 2.6
Erie 10.8 9.5 10.2
Ont
ari
o
1.6
2.6
2.1
Rea
liz
ing
the
lim
ita
tio
n o
f o
nly
two
yea
rs
of
com
ple
te
loa
din
g d
ata
,
the
con
sis
ten
cy
of
the
rat
ios
all
ows
"fi
rst
cut
" e
sti
mat
ion
s o
f h
ist
ori
cal
ave
rag
e
loa
d (
or
bas
e y
ear
loa
d)
and
the
lik
ely
yea
r-t
o-y
ear
ran
ge
in
loa
d.
Thi
s r
ang
e
was
det
erm
ine
d i
n t
he
fir
st
cas
e b
y m
ult
ipl
yin
g t
he
his
tor
ica
l m
ean
ann
ual
dai
ly
flow
for e
ach l
ake b
y the
respe
ctive
avera
ge 7
5/76
load
to fl
ow ra
tio.
The s
econd
case
was
dete
rmin
ed b
y mu
ltip
lyin
g pl
us o
r mi
nus
two
stan
dard
devi
atio
ns
(20)
in
the
hist
oric
al a
nnua
l me
an d
aily
flow
for
each
lake
by t
he-r
espe
ctiv
e av
erag
e
75/76
load
to fl
ow ra
tio.
The
75/76
load
to fl
ow ra
tio
has
the s
ame u
nits
(mass
/
volu
me)
as a
conc
entr
atio
n an
d ma
y be
conc
eive
d as
an a
vera
ge a
nnua
l co
ncen
trat
ion
of t
otal
phos
phor
us f
or a
ll t
ribu
tari
es t
o a
give
n la
ke.
Data
used
in t
he c
alcu
—
lations described above are summarized in Table 9.
It s
houl
d be
reem
phas
ized
that
thes
e es
tima
tes
are
extr
emel
y ro
ugh
and
invo
lve
many
impl
icit
assu
mpti
ons.
For
exam
ple,
it a
ssum
es t
hat
flow
from
gage
d
area
s ca
n be
extr
apol
ated
line
arly
to g
ive
a to
tal
basi
n tr
ibut
ary
flow
and
that
the
loa
din
g e
sti
mat
es
are
equ
all
y a
ccu
rat
e f
or
eac
h o
f t
he
lak
es.
Per
hap
s t
he
most
sign
ific
ant
assu
mpti
on i
s th
at t
he l
oad
to f
low
rati
o de
term
ined
from
1975
and
197
6 i
s r
epr
ese
nta
tiv
e u
nde
r a
ll
flo
w c
ond
iti
ons
; t
hat
is
the
con
cen
tra
tio
n
rema
ins
cons
tant
with
vari
atio
n in
flow
on a
larg
e sc
ale.
The
data
show
that
this
assu
mpti
on i
s re
ason
able
, a
t le
ast
on t
he s
cale
cons
ider
ed.
Even
if a
ttem
pts
to
estimate loads from historical flow data are disregarded, simply considering the
ran
ge
in
flo
ws
can
pro
vid
e a
qua
lit
ati
ve
app
rec
iat
ion
of
the
var
iab
ili
ty
exp
ect
ed
from
diff
use
inpu
ts d
ue t
o me
teor
olog
ical
(and
runo
ff)
cond
itio
ns.
Flo
w f
rom
Gre
at
Lak
es
tri
but
ari
es
dur
ing
the
197
5 a
nd
197
6 w
ate
r y
ear
s w
as
gen
era
lly
hig
her
tha
n t
he
mea
n d
isc
har
ge
ove
r t
he
his
tor
ica
l p
eri
od
of
rec
ord
,
exc
ept
for
Lak
e S
upe
rio
r w
hos
e f
low
was
clo
se
to
nor
mal
.
Thi
s i
s d
emo
nst
rat
ed
fro
m t
he
dat
a c
omp
ile
d i
n T
abl
e 1
0.
The
mid
-19
70
dif
fus
e t
rib
uta
ry
pho
sph
oru
s
loa
ds
(se
e T
abl
e 7
) a
re
als
o,
exc
ept
for
Lak
e S
upe
rio
r,
nea
r t
he
upp
er
end
of
the
est
ima
ted
nor
mal
ran
ge.
Tab
le
10
sho
ws
tha
t f
low
dur
ing
wat
er
yea
r 1
976
was
nea
r
the
max
imu
m f
low
ove
r t
he
per
iod
of
rec
ord
for
Hur
on
and
Ont
ari
o.
Con
seq
uen
tly
,
fro
m a
man
age
men
t p
ers
pec
tiv
e i
t i
s i
mpo
rta
nt
to
rea
liz
e t
hat
the
mid
~l9
70
dif
fus
e
tri
but
ary
tot
al
pho
sph
oru
s l
oad
s a
re
pro
bab
ly
not
rep
res
ent
ati
ve
of
"ba
se"
or
"average" conditions.
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FUS
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BUT
ARY
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DS
DUE
TO
CHA
NGE
S
IN
FLO
W
 
His
tor
ica
l T
ota
l
Tri
but
ary
Ann
ual
Ave
rag
e 1
975
and
197
6
Est
ima
ted
His
tor
ica
l
Exp
ect
ed
Ran
ge
as
Z o
f
Mea
n D
ail
y F
low
l'(
m3/
s)
Loa
d t
o F
low
Rat
io
Ann
ual
Mea
n L
oad
His
tor
ica
l A
nnu
al
Mea
n L
oad
  
Lak
e
Mea
n
+20
~20
m
/s
Mea
n
‘+2
0
—20
mea
n
   
H
Sup
eri
or
424
523
325
2.3
3
988
121
9
757
23.
4
Mic
hig
an
106
7
124
4
890
1.5
9
169
7
197
8
141
5
+
1
16
.6
Hur
on
‘ 35
0
427
272
2.5
9
906
110
6
705
22.
0
+
|
5
5
-
Eri
e
526
688
364
10.
15
533
9
698
3
369
5
+
|
30
.8
H
On
ta
ri
o
50
5
66
2
36
1
2.
12
10
70
14
03
76
5
31
.1
1'
Flo
ws
are
for
tot
al
bas
in;
flo
w f
rom
ung
aug
ed
are
as
est
ima
ted
bas
ed
on
lin
ear
ext
rap
ola
tio
n f
rom
gau
ged
are
as.
  
  
  
TABLE 10
l
ANNUAL MEAN DAILY TRIBUTARY FLOW (M3/S) DATA COMPARISONS (U.S. only)
  
Minimum
—20
Mean
+20
Maximum
1975
.1216
Superior 224 325 424 523 623 475 417
Michigan 538 890 1067 1244 1699 , 1229 1305
Huron 170 272 350 427 538 429 499
Erie 170 364 526 688 906 645 674
Ontario 330 361 505 662 823 555 767
1. Flow from ungaged areas were estimated based on linear extrapolation
from gaged areas to give an estimate of total U.S. tributary flow for
each basin.
A
si
mi
la
r
an
al
ys
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wa
s
co
nd
uc
te
d
fo
r
Ca
na
di
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ut
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ie
s.
Ge
ne
ra
ll
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le
ss
fl
ow
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av
ai
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bl
e
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r
Ca
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ut
ar
ie
s,
bo
th
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rm
s
of
th
e
pe
rc
en
t
of
th
e
ba
si
n
ga
ge
d
an
d
th
e
pe
ri
od
of
re
co
rd
.
No
ne
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el
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s,
es
ti
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s
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l
fl
ow
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th
e
Gr
ea
t
La
ke
s
fr
om
ea
ch
of
th
e
fo
ur
Ca
na
di
an
Gr
ea
t
La
ke
s
ba
si
ns
we
re
ma
de
.
Th
e
ra
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 3. About 35,000 black ducks winter along Lake St. Clair, the
Detroit River, and the marshes of Lake Erie.
While precise estimates of phosphorus added by all waterfowl to the
the Great Lakes per year are fraught with uncertainties, by reference
to some earlier work (Manny et al., 1975), I would say the phosphorus
added by Canada geese, mallards and black ducks to the Great Lakes
basin would not exceed 30,000 kg per year."
As can be seen from the above response, little quantitative information
exists on the effect of waterfowl on Great Lakes phosphorus loads. However, it
does appear that phosphorus contribution from waterfowl are not significant
relative to other sources.
TRANSMISSION OF PHOSPHORUS BY TRIBUTARIES TO THE GREAT LAKES
One of the most difficult problems to deal with in trying to determine the
relative significance of diffuse and point phosphorus sources is the question of
transmission within the tributary system. Transmission is affected by many physio-
chemical and biological factors as the pollutant moves through the fluvial system.
In an effort to provide a better understanding of potential transmission losses,
Sonzogni et a1. (1978), classified point source inputs as either an "upstream"
or "downstream" source. The cutoff between the upstream and downstream source was
arbitrarily chosen as approximately 50 river kilometers upstream from the river
mouth, or at the outlet of an impoundment or lake-like widening of the river where
such occurs within 50 river kilometers of the mouth. Grouping both municipal and
industrial point source data into these upstream and downstream categories allows
calculation of different point source deliveries to the rivermouth when various
transmission percentages are assumed.
In order to evaluate the potential effect on the load at the lake from
different transmission losses of total phosphorus, two basic assumptions were
considered. First, a 100 percent delivery of all downstream point sources to
the Great Lakes was assumed; second, 50 percent delivery of all downstream sources
to the Great Lakes was assumed. In the first case, a range from 100 to 0 percent
(in increments of 10 percent) delivery of upstream point sources was considered;
in the second case, 50 to 0 percent. Using this approach and summing the results
for 110 rivers representing 80 percent of the total U.S. drainage basin, a total
U.S. Great Lakes diffuse unit area load in kilograms per square kilometer per
year was calculated, as well as percentage of the total load that would be diffuse
if indeed the point sources were transmitted according to the assumptions.
The reSults of this analysis can be seen in Table 11. If all point sources
deliv
ered
their
load
to th
e Gre
at La
kes
from
any p
lace
in th
e bas
in,
appro
ximat
ely
70 percent of the total tributary load to the Great Lakes would be diffuse, with
the remaining 30 percent due to those point sources. If, in the other extreme,
none of the upstream point sources were delivered and only half of the downstream
point sources were transmitted to the Great Lakes, 96 percent of the tributary
load would be diffuse. Over a long period of time (e.g., 20 years) most of the
point source material will likely reach the lakes, unless major imp0undments or
other sinks are found along the river course. Thus, ultimately most nutrients,
solids, and toxics should be transmitted (though they may be in a different
 TABLE 11
TRANSMISSION OF POINT SOURCE TOTAL PHOSPHORUS TO THE GREAT LAKES
DIFFUSE AND POINT SOURCE LOADS - TOTAL P - U.S. GREAT LAKES 1975
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 physical—chemical form) to the Great Lakes. In event response tributaries, due to
their more flashy nature, there is a greater potential for the system to be
flushed. Thus, they have a higher and more rapid transmission potential.
Uncertainty about the effect of impoundments on riverine pollutant transport
is particularly acute for streams draining into eastern Lake Michigan. Many of
these streams have been impounded and, most importantly, have lake—like widenings
at their mouth. Because of the estuarine exchange with the open lake, it is
difficult if not impossible to determine the effect of these lake-like widenings
on transmission. In fact, for many tributaries the closest monitoring station is
upstream from the lake-like widening. Because many of these widenings probably
do reduce delivery of certain pollutants, some tributary inputs for these areas
are likely overestimated.
Many factors besides impoundments must be considered in understanding trans—
mission. For a given watershed if most point source discharges occur in the
upper portion of the watershed, overall transmission of point sources is likely to
be smaller than if point source discharges occurred nearthe mouth. Such is the
case for several tributaries draining into eastern Lake Michigan. Transmission
loss may be more important when the ratio of point source contributions to non—
point source contributions is high. When point sources are high, transmission
losses may be relatively high, since point source inputs occur all year, including
the low flow period when transmission loss potential is the highest. On the other
hand, nonpoint source contributions occur when flows are highest and transmission
loss is minimal. When point source inputs are low relative to nonpoint source
input, point source delivery losses on an annual basis can be a small percentage
of the total load. Thus, transmission losses may be more pronounced in streams
receiving high point source inputs relative to nonpoint source inputs.
It also is likely that some pollutants from upstream point sources are
immobilized by in—stream sediments. However, this is probably only a tem—
porary sink. During high flow runoff events, these pollutants are likely
delivered as part of the diffuse source pollutant load of the tributary.
The above analysis illustrates the importance of understanding transmission
phenomena when trying to determine the impact of either point or nonpoint source
controls on phosphorus loadings. Variations in transmission from river to river
must be recognized as a significant obstacle to pinpointing the effectiveness of
any type of control. Controls also must be evaluated over a long period of time,
for it is impossible to understand transmission with one or two years of data.
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A = the segment's surface area, km
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 In cases where the segment is adjacent to more than one other segment
(for
example, Upper Green Bay has interfaces with both Lower Green Bay
andLake
Michigan), additional advection and diffusion terms are included.
Equation 1 is
then written for each of the lake segments resulting in a set of ordinary
differential equations. By assuming a steady state (dp/dt = 0), these equations
reduce to a set of linear, algebraic equations that constitute the budget model
and are used to estimate losses of phosphorus to the sediments of each segment
and to calculate intersegment effects.
Sediment losses. Over an annual cycle, a fraction of a lake's phosphorus
loading is retained by its bottom sediments. The apparent settling velocity
(Chapra, 1975) is an appropriate mass transfer coefficient to parameterize this
process since it normalizes the loss to the lake's surface area. It is thus ac—
knowledged mathematically that the sediment sink is a heterogeneous reaction. A
previous attempt to model Great Lakes phosphorus budgets (Chapra, 1977) used a
value of 16 m/yr for all segments and found it to yield adequate results. In the
present case, since all the other terms in the budget are either measured or
estimated, an apparent settling velocity can be directly calculated for each
segment by rearranging Equation 1 at steady state to yield
W + prb - Qp + E'Cpb - p)
v = Asp (2)
 
Intersegment effects. The estimation of intersegment effects is based on an
approach developed by Thomann (1963, 1972) to model dissolved oxygen distribution
in estuaries. By again assuming a steady state, Equation 1 can be rewritten as
 
aP - abpb = W (3)
where a and ab are coefficients of the form
a = Q + E' + VAS (4)
and
a + E' (5)
b = Qb
Equation 3 is written for all the segments and the resulting set of equations is
expressed in matrix form as
[A] (P) = (W) (6)
where
[A] = the n x n matrix of all the coefficients, km3/yr
(p) = the n x 1 vector of phosphorus concentrationsfor the segments, ug/L
(W) = the n x 1 vector the direct mass loadings of total phosphorus to the
segments, tonnes/yr
-64-
 
 The solution vector (p) is then obtained formally by inverting the [A] matrix
to yield
(1:) = [A1'1(w> (7)
where
[A]_1 = the inverted matrix which is termed the steady state system
response matrix, (ug/L)/(tonnes/yr)
A useful property of [A]_1 is that its elements represent the response of a segment
(as represented by phosphorus concentration) to a unit loading to any other segment
in the system. For example, the appropriate element of [A]'1 would indicate how
many ug/L of phosphorus concentration in Eastern Lake Erie would result from the
addition of a metric ton of phosphorus to Western Lake Erie.
Data
Phosphorus loading. Great Lakes total phosphorus loadings used in the model
are representative of mid-19703 conditions. They are shown in Table 7 which was
presented earlier in the report. As discussed, the loads are based on an accumu—
lation of information from many summary sources, and take advantage of the recent
work conducted by PLUARG and other studies. The majority of the information was
available for water years 1975 and 1976.
Morphometry and water movements. Data on the morphometry and water movements
of the Great Lakes (Tables 12 and 13) were derived from a variety of sources
(Great Lakes Basin Framework Study, 1976; IJC 1976a. 1976b; Burns, 1976) as well as
by directestimation from navigation charts and U.S. Geological Survey Reports.
 
The bulk dispersioncoefficient was either determined emperically from
conservative substance budgets using the method described by Chapra (1979) or was
estimated from direct measurements or calculations (Arnsbrak and Ragotzkie, 1970;
Danek and Saylor, 1975; IJC 1976a, 1976b; Quinn, 1977). In certain cases, bulk
dispersion was omitted even though an open boundary existed between two of the
segments. For example, the gradients that exist between Georgian Bay, the North
Channel and Lake Huron are small enough to justify the omission of diffusive
transport across their interfaces. In the case of Lake Erie, calculations based
on a hydrodynamic model suggest that advective transport is much more important
than diffusive transport as an exchange process between the basins (Burns, 1976).
Phosphorus concentrations. Mean annual concentrations of total phosphorus
are taken from a variety of sources (Dobson et al., 1974; Patterson et al., 1975;
Tierney, 1976; IJC, 1976a, 1976b; Smith, 1977; Chapra, 1979) as well as by '
analyzing data from the Environmental Protection Agency's STORET system and data
from the Canada Centre for Inland Waters. The results for the period from 1974
through 1976 are summarized in Table 12-
Results
Apparent settling velocities. Using Equation 2 along with the data from
Tables 7, 12 and 13 yield the apparent settling velocities in Table 12. As can
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TABLE 12
PHYSICAL AND CHEMICAL DATA FOR THE GREAT LAKES FOR THE MID—19705
(ALSO INCLUDING LONG—TERM AVERAGE OUTFLOWS)
 
Advective Outflow
Apparent
Mean
Surface
Long-Term
Phosphorus
Settling
Depth
Area
Volume
1974-76 Average
Concentration
Velocity
Segment
m
ka
km3
km3/yr
km3/yr
ug/L
m/yr
I
l
\
\
0
Lake Superior
147.70
82100.0
12125.00
68.5*
4.6
9.8
Lake Michigan
86.10
57800.0
4976.00
Lower Green Bay
9.00
953.0
8.50
Upper Green Bay
18.00
3260.0
58.70
Main Lake
91.60
53587.0
4909.00
Lake Huron
60.40
59600.0
3597.00
North Channel
23.30
3950.0
91.90
Georgian Bay
44.70
15108.0
675.00
Saginaw Bay
5.85
1376.0
8.05
Main Lake
72.10
39166.0
2822.00
Lake Erie
19.90
25212.0
501.00
22
182.0
Western Basin
8.80
3680.0
32.00
202.3
171.1
39.1
29.3
Central Basin
19.10
15390.0
294.00
214.0
177.5
19.4
28.0
Eastern Basin
28.50
6150.0
175.00
220.6
182.0
‘ 17.2
26.5
Lake Ontario
86.80
18960.0
1649.00
262.6
211.7
21.0
12.4
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*23 km3/yr goes to North Channel while 45.5 km3/yr goes to Main Lake Huron.
+3.2 km3/yr goes to North Channel while 18.6 km3/yr goes to Main Lake Huron.
 
 TABLE 13
BULK DISPERSION COEFFICIENTS
FOR TURBULENT EXCHANGE BETWEEN SEGMENTS
 
Bulk Dispersion
Coefficient
Interface kmB/yr
Lower Green Bay/
Upper Green Bay 20
Upper Green Bay/
Main Michigan 30
Main Michigan/
Main Huron 70
Saginaw Bay/
Main Huron 25
-67—
be seen, Lake Erie and the North Channel have higher v's
than the other segments.
The Lake Erie case has been noted elsewhere (Burns, 1976) and may be partly due to
the large amounts of suspended
sedimentsin its tributaries.
The North Channel
case may be due in part to year—to—year variability and/or inaccuracies in loading
estimates which range from 401 mta (IJC Technical Group to Review Phosphorus
Loadings, 1978) to 1068 mta (IJC, 1976a).
The geometric mean of Great Lakes settling velocities is 15.7 m/yr, with a
range corresponding to.: 1 standard deviation from 10.2 to 24.0. This is slightly
larger than the value of 11.4 m/yr Qt standard deviation from 3.4 to 38.1)
determined for other North Temperate lakes (Chapra, 1978). However, a Kruskal—
Wallis rank test was used to determine that the two populations were not signifi-
cantly different.
It should be noted that deviations from steady state could bias the settling
velocity calculations. The only part of the Great Lakes where a trend is evident
is Lake Ontario where total phosphorus concentration has been dropping at an
approximate yearly rate of l ug/L since 1973 (H.F.H. Dobson, Canada Centre for
Inland Waters, personal communication). Such a trend would tend to cause the
present calculation to underestimate the settling velocity and the actual value
for Lake Ontario would be about 18 m/yr. Nevertheless, for the other parts of
the system, the values in Table 12 represent the best estimates that are possible
on the basis of the existing data.
Phosphorus budget. Using the apparent settling velocities and the data in
Tables 7, 12 and 13, a total phosphorus budget for the Great Lakes is constructed
and presented in Figure 21. The most striking feature of this diagram is the
intense pressure on the Lower Great Lakes and the impact of the Detroit River
phosphorus loading. Not only does the Detroit River loading constitute the major
component of the intense pressure on the Western Basin of Lake Erie, but the
large water flow through the Lower Lakes tends to propogate its influence through
the remaining basins of Lake Erie and on to Lake Ontario. This is in contrast to
the Upper Great Lakes (Superior, Michigan and Huron) where low flow—volume ratios
tend to minimize interlake effects and, in general, a large fraction of the
loading is retained by each lake. These effects are given quantitative expres—
sion in the next section.
Intersegment effects. The steady state system response matrix, [AJ—l, is
calculated and presented in Tables 14 and 15. Table 14 (based on long-term
average flows) expresses the conventional form of the matrix; i.e., each element
represents the response of a segment in ug/L to a unit loading change of 1,000
mta to any other segment. It can be used to answer such a question as: what
would be the improvement in Lake Ontario, if the loading to Central Lake Erie
were reduced by 1,000 mta? The element corresponding to the loading to Central
Erie and the response of Lake Ontario shows that a 0.345 ug/L improvement would
result from such a measure. It should also be noted that because the model is
linear, to derive the response to a 2,000 mta reduction of the Central Erie
loading, one would simply double the matrix element; i.e. a 0.690 ug/L improve-
ment would result. Furthermore, another advantage of linearity is that super—
position holds and any combination of control measures can be analyzed and the
results are additive.
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 Table 15 (based on mid-1970 flows) presents the system response matrix in an
alternative way by multiplying each column by the actual measured loadings. In
this case, each row in the matrix represents a breakdown of what every segment
contributes to the phosphorus concentration of every other segment. This can be
demonstrated by the response row for Eastern Erie, where it can be seen that a
large portion (6.26 ug/L or 36 percent) of its phosphorus concentration of 17.2
ug/L is due to the loadings to Western Erie.
Discussion
By demonstrating that the segments of the Great Lakes cannot be considered
as isolated entities, the foregoing analysis shows that Great Lakes eutrophication
should be approached from a system's perspective. A further advantage of the
"systems" approach is that it can form the basis of an economic optimization of
the phosphorus reduction program for the basin.
To date, the eutrophication control program on the Great Lakes has been
developed from more of a legalistic than economic perspective in that phosphorus
reduction measures have been applied with a certain equanimity across the basin.
For example, the present strategy limits the effluents of all major treatment
plants to less than 1 mg/L. While such a strategy has legal or political
advantages in its implementation (i.e., all wastewater treatment plants are
"created equal"), it is suboptimal in a systems engineering sense. It does not
consider the effectiveness (or benefits) to be achieved by the level of treatment
in the various segments of the system nor does it optimize the effects on the
Great Lakes for a given level of cost. In other words, money might be better
spent on a non—uniform control strategy.
This can be demonstrated using Table 14 to contrast point source control for
Lake Superior with that for Lake Erie. The removal of 500 mta from the Lake
Superior load would result in only a 0.6 ug/L improvement in its own concentration
(although some local or nearshore improvement could occur) with minimal benefit to
the rest of the Great Lakes system. Removal of the same amount from Western Lake
Erie, on the other hand, would result in improvements of 1.8, 0.5 and 0.3 ug/L to
the Western, Central and Eastern Basins, respectively, as well as a 0.1 ug/L
improvement in Lake Ontario. Additionally, the cost of the removal would be
different in each basin and it also might be considered more beneficial to
improve the degraded, highly populatedLower Great Lakesthan to spend money
removing nutrients from unfertile Lake Superior.
With regard to the Lower Great Lakes, it is clear that they receive a large
phosphorus input relative to their size compared to the other Great Lakes.
Western Lake Erie in particular receives a large phosphorus input. Thus, it is
not surprising that Lake Erie is the most eutrophic of the Great Lakes and has
the highest phosphorus concentrations. However, the amount of reduction in
loading that can be practically achievedis also greater for Lake Erie. For
example, limiting Detroit River municipal point sources to the l mg/L.P level
will reduce the phosphorus delivered to the western basin by several thousand
metric tons. As discussed above, this would have a measureable effect not only
on the rest of Lake Erie, but also on Lake Ontario.
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While the present model would be a somewhat crude basis for a detailed cost—
benefit analysis, it does Show how mathematical models can be used in such an
analysis as a link between the causes and effects of water qualtiy control
programs.
Hopefully, future management of Great Lakes water quality will adopt a
similar perspective as it becomes increasingly apparent that environmental needs
must vie with other societal priorities (such as energy, education and health
care) for limited public funds.
RESPONSE TIMES
Phosphorus
Although the previous discussion of the total phosphorus budget model does
not explicitly consider response times, the time of response to smaller phosphorus
loadings is extremely important. Further, it is important to understand that a
decreased phosphorus loading to an upper lake segment will have a delayed effect
on a downstream lake segment. Currently, work is continuing to generate a matrix
of response times for the system (i.e., the time Lo reach a certain percent of the
new steady state in any segment of the system due to a step decrease in loading in
any other segment).
While response times of intersegment reactions to phosphorus input reductions
have not yet been computed, estimates are available on the response time of
individual lakes (Sonzogni et al., 1978a).
These estimates of response times, reflective of current information, are
much moreoptimistic than previous estimates which called for relatively slow
improvement of the lakes following phosphorus control. The response times for
Saginaw Bay and Lake Erie are now estimated to be in the order of one to two
years or less. The response time for Lake Ontario is estimated to be about six
to seven years. The response time for Lake Superior is estimated to be about
15 to 20 years, while Lakes Michigan and Huron are thought to have response times
of about five years. Thus, it appears that phosphorus controls may have a rapid
effect despite the size of the lakes.
While such predictions are optimistic, it must be again remembered that the
current phosphorus models do not consider the availability of total phosphorus
inputs. Disproportionate control of available versus nonavailable phosphorus
inputs may cause lake recovery to differ from what might be predicted from the
change in total phosphorus loads alone. Mere work is needed on understanding and
modeling the biological availability of phosphorus inputs to the Great Lakes.
Toxic Substances
Of the toxic substances which have found their way into the Great Lakes, the
insecticide DDT, and the fire retardant PCB, are perhaps the best known and most
studied. Both chemicals have seriously contaminated organisms in the Great Lakes
system. Great Lakes fish have been particularly affected and, in some cases,
accumulation of the substances in the fishes has led to their being unfit for
regular human consumption.
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Although firm actions have beentaken to reduce or prevent further inputs of
DDT and PCBs into the Great Lakes, a major question facing planners and managers
is how long dangerously high contamination levels will persist. Many have
thought that recovery would be extremely slow due to the stability of these
contaminants. However, recent evidence points to the possibility of a more rapid
recovery. Much of this expectation is based on the considerable decrease in the
levels of DDT found in Great Lakes fish. This new data, based on a monitoring
program that has been carried out since a ban was placed on the use of the pesti—
cide in the basin, indicates DDT should disappear completely from fish in the
lakes in 25 years or less (Bierman and Swain, 1978). Previous scientific esti—
mates ranged up to 100 years. Permanent trapping of DDT in the bottom sediments
appears to be the mechanism which accounts for the loss from fish.
The rapid disappearance of DDT has also sparked some optimism for rapid
removal of at least some of the PCBs in Great Lakes fishes. Based on research
conducted at the University of Wisconsin (Weininger, 1978), it is estimated that
about 80 percent of the PCBs in fish could be permanently lost to bottom sediments
in a matter of years. The other 20 percent will probably remain in the system for
a long time due to constant recycling from sediments.
The PCB problem is complicated by the fact that, although major controls
have been placed on PCB use, considerable quantities are still finding their way
into the lakes. Nevertheless, the fact that a good portion of the PCBs in the
system may disappear rather quickly once sources are eliminated or reduced pro~
vides a good deal of hope for the future.
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SUMMARY AND EVALUATION OF U.S. TASK D, PLUARG
In the detailed PLUARG study plan (International Joint Commission, 1974),
Task D is defined as "diagnosis of the degree of impairment of water quality
in the Great Lakes, including an assessment of contaminants contained in sedi—
ments, in fish, and in other aquatic resources." It states further that "Task
D is devoted to the bOundary waters, their effect upon water quality and their
significance in these waters in the future and under alternative management
schemes." Consequently, a separate study plan was developed for U.S. Task D
(International Joint Commission, 1976c) to put a perspective on these questions
and to answer them to the extent possible, based upon available information
developed in the Task D study or elsewhere.
The degree of impairment of water quality in the Great Lakes is not only
a function of nonpoint pollution derived from land sources, but is the result
of all types of pollution loadings, including municipal and industrial inputs,
atmospheric sources, shore erosion, and internal loadings. Since all sources
of pollution combine to contribute to the impairment of water quality in the
lakes, it is often difficult to separate out the individual effects of the pol—
lution sources. However, it is possible to look at the comparative loadings
of all sources and to evaluate the relative importance of each source on Great
Lakes water quality. The emphasis of the U.S. Task D effort was to look at all
sources of pollutants in order to determine the relative importance of nonpoint
SOurce loadings to the lakes. This chapter attempts to summarize and integrate
the results of the U.S. Task D activities and in so doing determine, to the
extent possible, the relative significance to the Great Lakes of pollution from
land drainage.
Pollution from land SOurces is principally of the diffuse type; not con-
centrated at any onepoint. For example, fish are mobile and can pick up con—
tamination from many different locations within the Great Lakes. Despite the
inherent difficulties, a number of studies within Task D and elsewhere have
attempted to assess the degree of contamination of fish, sediments, and other
Great Lakes aquatic resources. But a definitive answer as to how and to what
extent Great Lakes water quality has been degraded due to land—derived pollutants
(one of the charges to Task D) is not possible at this time. The International
Joint Commission has been trying to answer questions such as these since its
inception in 1909.
U.S. Task D was divided into three major activities. The first activity
was designed to answer the question of whether shore erosion is a significant
pollutant source to the lakes. In order to do this, estimates of the quantity
of shoreline erosion were made for the entire U.S. shoreline. In addition,
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 The input of sediment from U.S. shoreline erosion is high relative to other
sources, especially for the upper lakes. Considering only the fine—grained
portion of the shoreline sediment input (the coarse-grained material is likely
to settle rapidly with little ecological effect), the load is considerable.
The lower lake shoreline erosion input also becomes more important when the
Canadian shoreline load is considered. For example, Thomas and Haras (1979)
report that Canadian shoreline erosion contributes approximately 9,000 to 14,000
metric tons of sediment per year to Lake Erie. Over 20 percent of this Canadian
input was reported to be fine—grained (clay sized). Consequently, it is clear
that shoreline erosion is a major, and in some cases the major, source of sediment
to the Great Lakes, even when only the ecologically important fine-grained fraction
is considered.
The amount of sediment contributed to the Great Lakes by shore erosion
varies widely fromone shoreline county to another. Leelanau County, Michigan
(on Lake Michigan), contributes the largest total amount of sediment via U.S.
shoreline erosion. Bayfield County, Wisconsin (on Lake Superior), contributes
the next largest amount. In terms of loading per kilometer of U.S. shoreline,
Allegan County, Michigan (which borders Lake Michigan), has the highest loading
rate. Canadian researchers (Thomas and Haras, 1979) reported 80 percent of the
total sediment loading to Lake Erie from Canadian shoreline erosion was contributed
by one reach from Rondeau to Long Point (roughly one—third of the Canadian shore—
line). On a lake basis for the U.S. side, Lake Michigan shorelines have the
highest erosion rate per kilometer of shoreline, followed by Superior, Erie,
Ontario, and Huron, reSpectively. Lake Michigan shorelines were found to have
the highest percentage of sandy soils, while U.S. Lake Superior shorelines were
found to have the highest percentage of loamy and clayey soils. Consequently,
the quantity and quality of eroded material is not equally distributed along
the shoreline.
The relative importance of shoreline erosion as a source of sediment is fur-
ther illustrated by Table 16. As shown, shoreline erosion on a total Great Lakes
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erosion as a source of particulate matter deserves further study, however.
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TABLE 16
  
  
a
COMPARISON OF SEDIMENT INPUT FROM SHORELINE EROSION WITH INPUT FROM TRIBUTARIES
103 metric tons/1;.
   
  
  
  
Total Tributary (1976) Shoreline
Lake
(suspended sediment)
ErOSiOD.
Superior
(U.S.
only)
1,400
11,300
Michigan
700
21,800
Huron
1,100
1,800
Erie
6,500
11,100
Ontario
1,600
3,200
TOTAL
11,300
49,200
 
 
 
a. Adapted from PLUARG, 1978.
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Further, the more exposed and biologically active surface soils are removed in
sheet erosion, while in shore erosion the entire profile is eroded.
Because of the large volume of material eroded from the bluffs along the
U.S. Great Lakes shoreline, the loadings of the total forms of various chemicals
associated with the eroded material is relatively high, at least for certain
parameters. Undoubtedly, a large percentage of the chemicals associated with
the eroded shoreline material is rapidly lost to the lake sediments and does
not interact to any degree with lake waters. Further, the uptake by the eroded
particulate material of constituents dissolved in lake waters, such as phosphorus
or heavy metals, c0u1d be just as important environmentally as the release of
contaminants.
Phosphorus. Because of the large volume of material contributed to the
Great Lakes by shoreline erosion, the loadings of total phosphorus associated
with the shoreline material is high. However, the potentially biologically
available fraction of phosphorus appears to be small relative to the total.
Based on data from U.S. Task D studies (Armstrong et al., 1979), the available
phosphorus associated with recessional shoreline samples ranged from one to eleven
percent of the total phosphorus. Thomas and Haras (1979) reported the available
phosphorus fraction of the Lakes Huron, Erie, and Ontario shoreline erosion
phosphorus load to be considerably higher, ranging from abOut 10 to 40 percent.
Despite this relatively high fraction of available phosphorus, Thomas and Rates
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 Other Parameters. The estimated nitrogen loadings to the Great Lakes from
shoreline erosion were judged to be small relative to nitrogen loadings from
other sources. Organic carbon loadings were estimated, but no conclusions could
be reached from the data. Silica was not measured in this study, but because
silica is a major component of soils, particularly sandy soils, the total con-
tribution would be expected to be relatively large. The fraction of this silica
that becomes available for diatom growth is unknown, however.
In general, metals associated with eroded shore materials were not judged
to be important as a source of pollutants to the Great Lakes. While levels of
the total forms of some metals may be significant relative to other sources, the
amOunt of the total metal that is available to biota is probably low. Anthro-
pogenic sources of metals have undoubtedly a much more important influence on
Great Lakes water quality. Highest loadings of metals would probably be found
in areas of shoreline with high clay content, such as the red clay area of the
Lake Superior coastline. Total loadings of iron and manganese appear to be
significant relative to estimated total tributary loadings for Lake Huron and
Lake Superior, but theecological significance is not known. Overall, shoreline
erosion inputs of sediment and phosphorus, and possibly silica, are probably of
most importance ecologically.
Overall Impact
The shore erosion process has been occurring for thousands of years along
the Great Lakes, and loadings from shoreline erosion must be considered a natural
occurrence and not man—derived. undoubtedly, large percentages of chemicals
associated with the eroded shoreline material are rapidly lost to the lake sedi—
ments and do not interact to any degree with lake waters. Further, in some cases
the eroded particulate material may actually remove dissolved constituents, such
as phosphorus or heavy metals, from lake water thrOugh sorption or ion exchange
processes. 'Nevertheless, shore erosion can contribute to turbidity, sedimentation
and, in the case of phOSphorus, can measurably contribute to the available phos—
phorus input. Thus, despite the fact that shore erosion is a natural process,
it is
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nonpoint sources, as well as the biological availability of the parameters, was
emphasized.
Estimation of Tributary Loads
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organization formed the basis for all tributary loading work, since without
consistent watershed boundaries meaningful and comparable loading data cannot
be developed.
River mouth sampling data from 550 tributaries to the Great Lakes were
identified. Data considered included soluble and particulate nutrients, pesti—
cides, heavy metals, and refractory organics (i.e., persistent organics, such
as PCBs, not normally classified as pesticides), water discharge and sediment.
Approximately 30 percent of the tributaries considered were found to have
Sufficient water quality data to calculate annual loadings. About 14 percent
of these tributaries were gaged at a representative river mouth gaging station;
however, this represents a gaged area of 65 percent of the total U.S. drainage
area. 0f the 550 tributaries identified, 102 were considered to be major tribu—
taries, the remaining being relatively minorstreams that individually are not
likely to have a major influence on the Great Lakes (except for possible local
effects).
In general, there is a good water quality data record for Great Lakes tribu—
taries from the standpoint of monthly monitoring. However, flow datagenerally
lag behind water quality data in terms of the number of tributaries adequately
monitored. Also, the information that is available on many tributaries can lead
to an underestimation of total loadings of at least some parameters due to the
lack of data during high flow periods, when a large portion of the total annual
loading can occur. Very few streams were found to have data available specifically
for runoff events.
Few data were found for heavy metals, pesticides, and refractory organics
from which loading calculations could be made. Most data on these parameters
are based on grab—type samples. A number of tributaries were also found to be
deficient in dissolved reactive phosphorus data. In general, however, key loading
parameters, such as suspended solids, nitrogen species, total phosphorus, and
chloride, have been routinely monitored in most sampling programs.
As a result of Task D's investigation of available data, it was decided
that additional monitoring should be carried out on a representative tributary.
The Grand River, due to its importance to Lake Michigan and its watershed charac-
teristics, was chosen for additional study. Daily samples were collected and
analyzed for over a year, providing one of the best data sets on tributary inputs
to the Great Lakes. Unfortunately, a report was never prepared specifically
on this monitoring program. However, the data has been used extensively in the
Task D, as well as the overall PLUARG, analysis.
The Grand River proved to be an excellent choice for additional study since
it provided a contrast to tributaries draining Lake Erie, which also have been
extensively studied. Based on the Grand River investigation, the concept of
event versus stable response tributaries was developed. "Stable response" tribu—
taries are not dominated by runoff events as are event response tributaries,
since their concentrations of materials do not vary greatly with the tributary
flow and because their flow is less erratic. Stable response tributaries, such
as the Grand River and many other eastern Lake Michigan tributaries, tend to have
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 relatively small annual diffuse river mouth unit area loads. Event response
tributaries, e.g., many of the Lake Erie tributaries, tend to have high annual
diffuse river mouth unit area loads for phosphorus and suspended solids. Although
many factors influence whether a stream fits either an event response or stable
response classification, the type of soil in the watershed is perhaps the most
important factor. Event response tributaries tend to drain watersheds whose
soils have a high proportion of fine—grained clay particles, while stable re-
sponse tributaries have watersheds with relatively coarse—grained, sandy soils.
A major accomplishment of U.S. Task D was the estimation of annual tributary
loads. Loads were estimated not only for total phosphorus, but also for soluble
ortho phosphorus, suspended solids, total nitrogen, nitrate nitrogen, ammonia
nitrogen, and chloride. Loads were calculated for water years 1975 and 1976.
All loads for monitored tributaries were calculated using the ratio—estimator
calculation method except for Lake Erie tributary loads which were obtained from
the Lake Erie Wastewater Management study. In order to provide complete coverage
of the basin, loads from unmonitored watersheds were estimated from unit area
loads determined from similar and uSually adjacent monitored watersheds.
The tributary loading estimates developed in U.S. Task D served as the
basis for the U.S. PLUARG loading estimates (PLUARG, 1978) as well as the "over—
view modeling" work (Johnson et al., 1978). The Task D tributary loads have
thus contributed heavily to the loading objectives currently proposed in the
1978 U.S.—Canadian Water Quality Agreement. Phosphorus tributary loading estimates
have been compared, summarized and put in perspective relative to other sources
earlier in this report.
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 From an overall perspective the single most important indicator of high
unit area loads was found to be land form, particularly soil texture (soil
particle size). Overland runoff is more prevalent on fine-grained soils than
coarse, sandy soils since sandy soils tend to have higher water infiltration
rates. Clay soils generally have moreassociated pollutants due to their chemi—
cal and physical characteristics. Clay—sized particles are easily suspended
but usually settle very slowly, so the probability of transport over the land
and down the river is high. Those sections of the Great Lakes basin which have
sandy soils (e.g., upper Lake Michigan basin) have relatively good water quality,
while those with clayey soils (e.g., Lake Erie basin) tend to have poorer water
quality.
The relationship between soil texture and water quality has also been dis—
cussed extensively in a previOus chapter: "Land Factors Influencing Pollutant
Loads." Maps showing the textural distribution of soils in the Great Lakes basin
have been included. This information forms the basis for the important PLUARG
conclusion that across—the-board measures for nonpoint source pollution control
is not warranted, and that specific action needs to be taken only in those areas
where a problem can be expected, notably those with fine—grained surface soils.
Biological Availability of Pollutants
The question of biological availability was of paramount inportance to the
Task D study. Despite the fact that total forms of pollutants such as phosphorus
and metals are useful parameters for assessing water quality, knowledge of the
biologically available fraction is needed. Knowledge of biologically available
forms is particularly important when considering control strategies. Control
of a source that is highly available will have more impact than controlling a
source from which the pollutant has low biological availability.
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Phosphorus. Based on studies of a limited number of rivers in the Great
Lakes basin during runoff events (Armstrong et al., 1979; Logan et al., 1979),
40 percent or less of the suspended sediment phosphorus was estimated to be in
a "biologically available" form. For many rivers the "available" fraction of
the phosphorus associated with the suspended solids is probably considerably
less than 40 percent.
Based on river mOuth data, the soluble phosphorus fraction contributed to
the lakes is roughly 25 percent of the total phosphorus load. This percentage
can vary considerably from year to year and from stream to stream; event response
tributaries will generally have a lower percentage of soluble phosphorus than
stable response tributaries. The remaining 75 percent is principally partiCulate
phosphorus. The soluble phosphorus fraction is essentially all readily available.
However, given the limited availability of the particulate phosphorus which com—
prises the bulk of the total phosphorus load from tributaries, it appears that
40 to 50 percent or more of the total phOSphorus load contributed by tributaries
is unavailable for plant growth. Since a significant portion of the soluble
phosphorus load (and the readily available particulate phosphorus) is likely
tied to point sources, particularly for some of the Great Lakes, a considerable
fraction of the diffuse source total phosphorus load must be biologically 33f
available.
The Task D availability studies were complemented by similar work conducted
for the Lake Erie Wastewater Management Study (Logan et al., 1979). The Lake
Erie
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(la
bil
e)
pho
sph
oru
s w
hic
h
is
mai
nly
ass
oci
ate
d w
ith
the
Fe
and
Al
hyd
rou
s
oxi
des
.
It
has
als
o b
een
cor
—
rel
ate
d w
ith
the
fra
cti
on
of
sed
ime
nt
pho
sph
oru
s a
vai
lab
le
for
alg
al
upt
ake
as
-85..
 meas
ured
by b
ioas
say
tech
niqu
es
(Sag
her
et a
l.,
1975
).
The
NaOH
extr
acta
ble
phos
phor
us c
lose
ly c
orre
spon
ds t
o no
n-ap
atit
e in
orga
nic
phos
phor
us,
whic
h is
often citei as the available phosphorus fraction.
Des
pit
e i
ts
use
ful
nes
s,
Arm
str
ong
et
al.
ind
ica
ted
the
NaO
H e
xtr
act
ion
was
pro
bab
ly
a m
eas
ure
of
the
max
imu
m a
vai
lab
le
ino
rga
nic
pho
sph
oru
s c
ont
ent
of
the
sed
ime
nt,
at
lea
st
ove
r t
he
sho
rt
ter
m.
Ava
ila
ble
pho
sph
oru
s a
s m
eas
ure
d b
y a
n
ani
on
exc
han
ge
res
in
met
hod
, w
hic
h r
emo
ves
par
t o
f t
he
NaO
H e
xtr
act
abl
e p
hos
pho
rus
,
was
int
erp
ret
ed
to
rep
res
ent
mor
e r
ead
ily
ava
ila
ble
pho
sph
oru
s.
Pho
sph
oru
s
mea
sur
ed
by
the
ani
on
exc
han
ge
met
hod
was
gen
era
lly
abo
ut
50
per
cen
t
of
the
NaO
H
fraction. Only at very low solution phosphorus concentrations (< lug/L P) does
it a
ppea
r th
at a
ll o
f th
e Na
OH—f
ract
ion
coul
d be
avai
labl
e.
Thus
, as
indi
cate
d by
Arm
str
ong
et
al.,
the
ava
ila
bil
ity
of
sed
ime
nt
pho
sph
oru
s t
ran
spo
rte
d t
o t
he
Gre
at
Lak
es
via
tri
but
ari
es
is
lik
ely
con
sid
era
bly
les
s
tha
n e
ven
the
NaO
H
fra
cti
on.
Con
seq
uen
tly
,
the
rea
dil
y a
vai
lab
le
pho
sph
oru
s i
s p
rob
abl
y c
ons
ide
rab
ly
les
s
tha
n 4
0 p
erc
ent
of
the
tri
but
ary
Sus
pen
ded
sed
ime
nt
tot
al
pho
sph
oru
s.
Log
an
et
al.
(19
79)
als
o
con
clu
ded
tha
t N
aOH
ext
rac
tab
le
pho
sph
oru
s
is
onl
y
a
me
as
ur
e
of
the
po
te
nt
ia
ll
y
av
ai
la
bl
e
ph
os
ph
or
us
.
Ho
we
ve
r,
th
is
co
nc
lu
si
on
wa
s
ba
se
d
on
bi
oa
ss
ay
te
st
s
(L
og
an
et
al.
,
19
79
),
wh
ic
h
in
di
ca
te
d
th
at
th
e
ra
te
of
pho
sph
oru
s
rem
ova
l
fro
m s
edi
men
t
by
alg
ae
may
lim
it
bio
log
ica
l
upt
ake
.
The
y
ded
uce
d
tha
t
exc
han
ge
kin
eti
cs
may
,
in
fac
t,
be
mor
e
lim
iti
ng
tha
n
the
amo
unt
of
av
ai
la
bl
e
ph
os
ph
or
us
as
so
ci
at
ed
wi
th
su
sp
en
de
d
se
di
me
nt
.
Du
e
to
ex
pe
ri
me
nt
al
dif
fic
ult
ies
wit
h
kin
eti
c
stu
die
s
of
alg
al
upt
ake
of
pho
sph
oru
s,
thi
s
res
ear
ch
are
a n
eed
s
fur
the
r
eva
lua
tio
n.
Nev
ert
hel
ess
,
pos
sib
le
kin
eti
c
lim
ita
tio
ns
are
ano
the
r
rea
son
to
exp
ect
the
ava
ila
ble
fra
cti
on
of
pho
sph
oru
s
ass
oci
ate
d w
ith
suspended sediment to be quite low.
Me
ta
ls
.
Li
mi
te
d
st
ud
ie
s
on
su
sp
en
de
d
so
li
ds
fr
om
Gr
ea
t
La
ke
s
tr
ib
ut
ar
ie
s
ind
ica
te
tha
t
20
to
70
per
cen
t
of
the
par
tic
ula
te
met
als
,
suc
h
as
cop
per
,
zin
c
an
d
le
ad
,
we
re
es
ti
ma
te
d
to
be
in
an
"a
va
il
ab
le
"
for
m.
Th
e
pe
rc
en
t
av
ai
la
bl
e
va
ri
es
co
ns
id
er
ab
ly
,
de
pe
nd
in
g
on
th
e
ri
ve
r
sy
st
em
,
si
ze
fr
ac
ti
on
an
d
sp
ec
if
ic
me
ta
l.
In
mo
st
ca
se
s
it
wo
ul
d
ap
pe
ar
th
at
me
ta
l
av
ai
la
bi
li
ty
is
le
ss
th
an
50
percent of the total particulate metal.
EFFECT OF RIVER INPUTS ON THE GREAT LAKES
Th
e
ex
te
nt
of
di
sp
er
si
on
in
th
e
Gr
ea
t
La
ke
s
of
pa
rt
ic
ul
at
e
an
d
so
lu
bl
e
ma
te
ri
al
co
nt
ri
bu
te
d
by
tr
ib
ut
ar
ie
s,
pa
rt
ic
ul
ar
ly
du
ri
ng
hi
gh
fl
ow
co
nd
it
io
ns
,
an
d
th
e
ef
fe
ct
of
la
nd
-d
er
iv
ed
po
ll
ut
an
t
ma
te
ri
al
on
th
e
wa
te
r
qu
al
it
y
of
th
e
la
ke
of
fs
ho
re
of
th
e
ri
ve
r
mo
ut
hs
wa
s
a
ma
jo
r
fo
cu
s
of
U.
S.
Ta
sk
D.
In
or
de
r
to
he
lp
ad
dr
es
s
th
e
ab
ov
e
qu
es
ti
on
s,
a
pi
lo
t
st
ud
y
wa
s
in
it
ia
te
d
to
de
te
rm
in
e
th
e
di
sp
er
si
on
an
d
fa
te
of
se
le
ct
ed
Ma
um
ee
Ri
ve
r
po
ll
ut
an
ts
in
La
ke
Er
ie
ut
i-
li
zi
ng
a
co
mb
in
at
io
n
of
sh
ip
bo
ar
d
wa
te
r
qu
al
it
y
me
as
ur
em
en
ts
an
d
hi
gh
al
ti
tu
de
re
mo
te
se
ns
in
g
me
as
ur
em
en
ts
.
Th
is
st
ud
y
su
cc
es
sf
ul
ly
pr
ov
id
ed
us
ef
ul
in
fo
rm
at
io
n
on
th
e
ef
fe
ct
s
of
ri
ve
r
lo
ad
in
gs
un
de
r
no
n—
ev
en
t
co
nd
it
io
ns
an
d
on
th
e
di
sp
er
sa
l
of
th
e
tr
ib
ut
ar
y—
de
ri
ve
d
po
ll
ut
an
ts
.
In
ad
di
ti
on
,
an
ex
pe
ri
me
nt
al
pr
og
ra
m
ut
i—
li
zi
ng
th
e
tr
an
sm
is
si
on
of
re
mo
te
ly
se
ns
ed
da
ta
to
su
rf
ac
e
ve
ss
el
s
to
ai
d
in
pl
an
ni
ng
st
ra
te
gi
c
ve
ss
el
sa
mp
li
ng
lo
ca
ti
on
s
wa
s
fO
un
d
to
be
ve
ry
be
ne
fi
ci
al
to
th
e
ov
er
al
l
pr
og
ra
m.
Th
e
ai
rc
ra
ft
im
ag
er
y
wa
s
al
so
ve
ry
us
ef
ul
fo
r
ex
tr
ap
-
ol
at
in
g
sh
ip
bo
ar
d
me
as
ur
em
en
ts
ov
er
a
la
rg
e
ar
ea
.
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 K
n
u
n
w
Because of the general success of the pilot study on the Maumee River and
Lake Erie, similar studies were designed for the river mouth areas of four other
U.S. tributaries. These tributaries included the Genesee River in New York,
the Grand River in Michigan, the Manomonee River in Wisconsin, and the Nemadji
River in Wisconsin. In addition, a more detailed continuation study of the
Maumee River in Ohio was conducted.
The objectives of each river mouth study were as follows:
1. Survey the quality of water offshore of a river mouth following a runoff
event such as occurs during the spring thaw. Contaminants considered included
suspended sediment, nutrients and some toxic substances.
2. Identify general distribution patterns and transport mechanisms of
contaminants contributed by theriver, particularly those contaminants thought
to be derived from land drainage.
3. Determine whether resuspension of sedimented materials is likely to be
sign
ific
ant
rela
tive
to t
he t
ribu
tary
inpu
t of
susp
ende
d ma
teri
al i
n th
e ne
ar—
shore area of the river under study.
4.
Asse
ss t
he g
ener
al i
mpac
t of
wind
—ind
uced
resu
spen
sion
of s
uspe
nded
material on the water quality of the area under study.
5.
Ass
ess
the
gen
era
l i
mpa
ct
of
the
tri
but
ary
loa
din
g t
o t
he
lak
e u
nde
r
event conditions .
Imp
ort
ant
ly,
ess
ent
ial
ly
no
dat
a e
xis
ted
on
riv
er
mou
th
wat
er
qua
lit
y
dur
ing
the
spr
ing
run
off
, m
uch
les
s o
n t
he
eff
ect
of
the
eve
nt
on
the
lake
.
Sin
ce
dur
ing
the
spr
ing
per
iod
a l
arg
e p
erc
ent
age
of
the
tot
al
lan
d d
rai
nag
e
loa
d c
an
be
del
ive
red
to
the
lake
, t
he
stu
dy
add
res
sed
per
hap
s t
he
pri
mar
y o
b~
jec
tiv
e o
f P
LUA
RG—
—na
mel
y,
the
ass
ess
men
t o
f t
he
eff
ect
of
lan
d d
rai
nag
e o
n t
he
Great Lakes.
The
riv
er
mou
th
stu
dy
res
ult
s a
re
sum
mar
ize
d b
elo
w u
nde
r s
pec
ifi
c p
oin
ts
rel
eva
nt
to
Tas
k D
and
PLU
ARG
.
The
res
ult
s o
f t
he
fiv
e r
ive
r m
out
h f
iel
d s
tud
ies
(Sy
dor
and
Oma
n,
1977
; B
ann
erm
an
et
al.,
1977
; E
adi
e,
1976
; H
erd
end
orf
and
Zap
o-
tos
ky,
1977
; W
yet
h e
t a
l.,
197
6),
as
wel
l a
s t
he
rem
ote
sen
sin
g c
oun
ter
par
t t
o
the
fie
ld
inv
est
iga
tio
ns
(Ra
que
t e
t a
l.,
197
7),
wer
e u
sed
in
dev
elo
pin
g t
he
ana
l-
ysi
s b
elo
w.
The
res
ult
s o
f t
he
Tas
k D
stu
dy
on
the
fre
que
ncy
and
ext
ent
of
win
d-i
ndu
ced
res
usp
ens
ion
of
bot
tom
mat
eri
al
in
U.S
.
Gre
at
Lak
es
nea
rsh
ore
wat
ers
(Ch
est
ers
and
Del
fin
o,
1978
) we
re a
lso
use
d i
n t
he
ana
lys
is.
General Conclusions
Ove
ral
l,
the
com
bin
ati
on
of
shi
p
sur
vey
s
and
rem
ote
sen
sin
g p
rov
ed
use
ful
for
det
erm
ini
ng
the
eff
ect
of
riv
er
inp
uts
on
Gre
at
Lak
es
wat
er
qua
lit
y.
The
stu
dy
sho
wed
tha
t
the
dis
per
sal
of
pol
lut
ant
s
and
the
eff
ect
on
the
lak
e
by
a
par
tic
ula
r
tri
but
ary
is
ver
y
sit
e
dep
end
ent
.
How
eve
r,
the
res
ult
s
of
eac
h o
f
the
stu
die
s
sho
wed
tha
t
the
tri
but
ary
inp
ut
was
not
the
onl
y
fac
tor
aff
ect
ing
lak
e
qua
lit
y
dur
ing
the
spr
ing
.
Sho
rel
ine
ero
sio
n
and
res
usp
ens
ion
wer
e
als
o
fo
un
d
to
be
im
po
rt
an
t
in
pu
ts
,
an
d
in
so
me
si
tu
at
io
ns
we
re
qu
an
ti
ta
ti
ve
ly
mo
re
significant than the river input.
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Hi
 Immediate Impact of Runoff Eventson Great Lakes Watergguality
Despite the relatively detailed studies, very few immediate effects
of the river input on the lake were directly established. This does not mean
that
the
larg
e la
nd d
rain
age
inpu
t of
mate
rial
duri
ng t
he s
prin
g is
not
impo
rtan
t,
but that its effect is subtle and more long-term.
The
Nema
dji
Rive
r s
tudy
(Syd
or a
nd O
man,
1977
) f
ound
that
load
s of
15 a
nd
12 m
etri
c to
ns o
f to
tal
phos
phor
us a
nd t
otal
orga
nic
nitr
ogen
, re
spec
tive
ly,
were distributed over the lake three days after the peak spring river flow.
Conc
entr
atio
ns o
f to
tal
phos
phor
us a
nd t
otal
orga
nic
nitr
ogen
were
much
high
er
near
the
Nema
dji
rive
r mo
uth
than
near
the
St.
LOui
s ri
ver
mout
h, p
resu
mabl
y
the
resu
lt o
f th
e hi
gh l
and—
deri
ved
sedi
ment
cont
ribu
ted
by t
he N
emad
ji.
Duri
ng
cert
ain
wind
cond
itio
ns t
he N
emad
ji i
nput
is t
rapp
ed i
n ex
trem
e we
ster
n La
ke
Sup
eri
or.
Thi
s a
ppe
ars
to
be
a m
ajo
r f
act
or
in
the
rel
ati
ve
abu
nda
nce
of
aqu
ati
c
organisms in this area.
The
Meno
mone
e st
udy
indi
cate
d th
at t
he i
nner
Milw
auke
e ha
rbor
, in
to w
hich
the
Mano
mone
e Ri
ver
as w
ell
as M
ilwa
ukee
and
Kinn
icki
nnic
Rive
rs d
isch
arge
,
did
not
sho
w a
maj
or
res
pon
se
to
run
off
eve
nts
.
Onl
y s
usp
end
ed
sol
id
and
tot
al
org
ani
c n
itr
oge
n c
onc
ent
rat
ion
s s
how
ed
an
inc
rea
se
ove
r n
on—
eve
nt
con
dit
ion
s.
Fur
the
r,
the
nea
rsh
ore
zon
e o
f L
ake
Mic
hig
an
Out
sid
e t
he
har
bor
exh
ibi
ted
vir
—
tua
lly
no
cha
nge
s i
n c
onc
ent
rat
ion
s o
f p
oll
uta
nts
fol
low
ing
run
off
eve
nts
.
Bas
ed
on
the
res
ult
of
the
eve
nt
sur
vey
s,
it
was
con
clu
ded
tha
t c
urr
ent
pat
ter
ns
in
the
har
bor
(e.g
.,
tho
se
cau
sed
by
sei
che
eff
ect
s)
and
har
bor
str
uct
ure
s (
a l
arg
e
bre
akw
ate
r e
xis
ts
bet
wee
n t
he
out
er
har
bor
and
the
nea
rsh
ore
zone
) p
lay
ed
a m
ajo
r
rol
e i
n h
ind
eri
ng
tra
nsp
ort
of
lan
d—d
eri
ved
pol
lut
ant
s t
o t
he
nea
rsh
ore
zon
e o
f
Lak
e M
ich
iga
n.
In
fact
, i
t w
as
est
ima
ted
tha
t 7
0 p
erc
ent
of
the
sus
pen
ded
sol
ids
dis
cha
rge
d f
rom
the
Men
omo
nee
Riv
er
dur
ing
run
off
eve
nts
was
ret
ain
ed
in
the
inner part of the harbor each year.
Des
pit
e h
igh
flo
ws
fro
m t
he
Gra
nd
Riv
er
int
o L
ake
Mic
hig
an
dur
ing
the
spr
ing
run
off
per
iod
, n
o m
ajo
r e
ffe
cts
wer
e o
bse
rve
d.
Alg
al
bio
sti
mul
ati
on,
whi
ch
cou
ld
be
att
rib
ute
d t
o t
he
riv
er
inp
ut,
was
onl
y o
bse
rve
d o
n o
ne
cru
ise
.
It
was
es—
tim
ate
d t
hat
abo
ut
25
per
cen
t o
f t
he
197
6 a
nnu
al
loa
din
g o
f s
usp
end
ed
mat
eri
al,
nut
rie
nts
and
tra
ce
met
als
occ
ur
dur
ing
the
spr
ing
run
off
per
iod
.
Thi
s p
erc
ent
inp
ut
for
the
sta
ble
res
pon
se
Gra
nd
Riv
er
is
pro
bab
ly
rel
ati
vel
y l
ow
com
par
ed
to
mos
t e
ven
t
res
pon
se
tri
but
ari
es.
For
exa
mpl
e,
90
per
cen
t o
f t
he
ann
ual
sed
ime
nt
loa
d t
o L
ake
Eri
e
fro
m t
he
Mau
mee
Riv
er
occ
urr
ed
dur
ing
Spr
ing
run
off
in
197
6.
Chl
oro
phy
ll
lev
els
in
wes
ter
n L
ake
Eri
e w
ere
som
ewh
at
ele
vat
ed
dur
ing
thi
s s
pri
ng
run
off
per
iod
acc
ord
ing
to
the
Mau
mee
riv
er
mou
th
sur
vey
.
Pre
sum
abl
y t
his
hig
h
alg
al
pro
duc
tio
n
is
rel
ate
d t
o t
he
nut
rie
nt
inp
ut
fro
m t
he
Mau
mee
,
alt
hou
gh
no
direct evidence exists.
Dispersion of Pollutants Contributed by Runoff Events
The
tra
nsp
ort
and
dis
per
sio
n
of
riv
er
inp
uts
was
clo
sel
y
inv
est
iga
ted
in
eac
h o
f
the
riv
er
mou
th
stu
die
s.
Mov
eme
nt
of
the
inp
uts
in
mas
s
or
as
a p
lum
e
app
ear
ed
to
be
rel
ati
vel
y
lim
ite
d
exc
ept
for
the
inp
ut
of
the
Mau
mee
to
the
wes
ter
n
bas
in
of
Lak
e E
rie
.
Her
e
it
was
obs
erv
ed
tha
t
res
usp
ens
ion
ten
ded
to
mov
e
sol
ids
con
tri
but
ed
by
the
Mau
mee
int
o
the
cen
tra
l
bas
in
ove
r
a s
eve
ral
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 month period. The plume from the Nemadji River during maximum spring discharge
was observed approximately 30 miles into western Lake Superior. In general,
however, the input from rivers during the spring runoff period tended to dis—
perse with the rest of the lake rather quickly.
Wind direction was found to play an important role in dispersion of the
pollutant input from the Nemadji River. Variable winds appear to trap pollu—
tants associated with the runoff in the extreme western basin, while long fetch
westerly winds tend to disperse the pollutants and purge the area. Sydor and
Oman (1977) report that under average erosion conditions a patch of turbidity
1 km in diameter would disperse in about one week to background levels. Long
fetch northeasterly winds which tend to produce high turbulence in western Lake
Superior tend to cause currents which normallymove easterly along the Wisconsin
shore to reverse. Consequently, Nemadji runoff moves along the Minnesota shore
and out to extreme western Lake Superior. Under other wind conditions, however,
effluents from the Duluth-Superior area and the St. Louis River are transported
toward the Wisconsin shore.
In the Menomonee study measurements indicated that the runoff event flow
from the Menomonee, Milwaukee and Kinnickinnic Rivers didnot significantly
affect transport patterns. Rather, lake and harbor sieches seemed to be more
significant. These seiches were found to cause an oscillation of flow between
the river mouth area and the nearshore water outside the harbor. Consequently,
pollutants tended to move Out of the harbor in pulses. Apparently, the pollu-
tants from the runoff had a long residence time in harbor, allowing many of the
pollutants, particularly those associated with the particulate matter, to settle
out in the harbor. The harbor thus appeared to serve as a trap for pollutants
contributed during runoff. Only during exceptionally large flows cauld runoff-
derived pollutants be expected to move outside the harbor into Lake Michigan
proper.
Once in the nearshore area of Lake Michigan (outside the harbor), the dis—
persion of pollutants was found to be highly variable and dependent on wind
conditions. There was also evidence that a subsurface plume can exist along
the thermocline. Such a plume would not be readily detected through remote
sensing.
The
Gran
d Ri
ver
spri
ng f
low
was
also
foun
d to
have
a re
lati
vely
mino
r ef
—
fect
on t
he t
rans
port
of p
ollu
tant
s in
Lake
Mich
igan
.
In o
ther
word
s, t
he p
hys—
ical
cond
itio
n of
the
lake
, Su
ch a
s wh
ethe
r it
is s
trat
ifie
d, t
he m
agni
tude
of
the
long
shor
e cu
rren
t, a
nd u
pwel
ling
cond
itio
ns a
ppea
r to
be m
uch
more
impo
rtan
t
than
rive
r fl
ow a
s a
tran
spor
t me
chan
ism.
The
plum
e of
the
Gran
d th
us d
issi
pate
d
very
quic
kly
and
the
rive
r-bo
rne
mate
rial
s we
re r
apid
ly m
ixed
into
the
lake
.
The
lar
ge
spr
ing
inp
ut
of
sed
ime
nt
fro
m t
he
Mau
mee
Riv
er
was
fou
nd
to
be
ini
tia
lly
dep
osi
ted
in
the
wes
ter
n b
asi
n.
How
eve
r,
as
men
tio
ned
pre
vio
usl
y,
the
mat
eri
al
mov
es
eas
ter
ly
int
o t
he
cen
tra
l b
asi
n a
s a
reS
ult
of
win
d-i
ndu
ced
mix
ing
.
Mos
t o
f t
he
sed
ime
nt
and
ass
oci
ate
d p
oll
uta
nts
whi
ch
ent
er
the
lak
e
dur
ing
the
ear
ly
spr
ing
run
off
per
iod
app
ear
to
be
tra
nsp
ort
ed
to
the
dee
per
por
tio
ns
of
the
wes
ter
n b
asi
n o
r t
o t
he
cen
tra
l b
asi
n b
y l
ate
spr
ing
or
ear
ly
sum
mer
.
It
is
sig
nif
ica
nt
tha
t s
edi
men
t i
s t
ran
3po
rte
d t
o t
he
cen
tra
l b
asi
n,
-89-
 sinc
e an
oxic
cond
itio
ns t
here
coul
d ca
use
a re
leas
e of
poll
utan
ts
asso
ciat
ed
with the particulate material in an otherwise unavailable form.
In
the
Gen
ese
e r
ive
r m
out
h s
tud
y i
t w
as
fou
nd
tha
t w
ind
dir
ect
ion
pla
yed
a ve
ry s
igni
fica
nt r
ole
in t
he m
ovem
ent
and
disp
ersi
on o
f th
e ri
ver
plum
e in
Lak
e O
nta
rio
.
Lay
eri
ng
of
the
spr
ing
inp
ut
on
the
Sur
fac
e d
ue
to
the
low
den
sit
y
col
d w
ate
r i
npu
t d
uri
ng
the
spr
ing
, w
hic
h h
ad
bee
n s
ugg
est
ed,
was
not
fou
nd.
As
was
gen
era
lly
fou
nd
in
the
oth
er
riv
er
mou
th
stu
die
s,
riv
er
inp
uts
bec
ome
dispersed in the lakes relatively rapidly.
Transboundary Movement of Pollutants
The
syn
opt
ic
rem
ote
sen
sin
g
cov
era
ge
all
owe
d
a b
roa
d c
ove
rag
e
of
pol
lut
ant
mov
eme
nt
whi
ch
wou
ldn
ot
hav
e
bee
n
pos
sib
le
oth
erw
ise
.
For
exa
mpl
e,
usi
ng
re—
mot
e
sen
sin
g
ima
ges
it
was
pos
sib
le
to
tra
ce
the
mov
eme
nt
of
sol
ids
fro
m t
he
wes
ter
n
to
the
cen
tra
l
bas
in
of
Lak
e E
rie
.
It
als
o
pro
vid
ed
inf
orm
ati
on
on
are
as
oth
er
tha
n
the
fiv
e
riv
er
mou
th
are
as
spe
cif
ica
lly
stu
die
d.
For
exa
mpl
e,
Lak
e
St.
Cla
ir
was
obs
erv
ed
to
con
tri
but
e
lar
ge
amo
unt
s
of
sed
ime
nt
to
Lak
e
Er
ie
du
ri
ng
ce
rt
ai
n
ti
me
s
of
th
e
yea
r.
Al
so
,
a m
aj
or
se
di
me
nt
pl
um
e
wa
s
ob
se
rv
ed
fl
ow
in
g
in
to
La
ke
On
ta
ri
o
vi
a
th
e
Ni
ag
ar
a
Ri
ve
r
an
d
th
e
We
ll
an
d
Ca
na
l.
Ap
pa
re
nt
ly
,
a
ma
jo
r
so
ur
ce
of
th
is
ma
te
ri
al
wa
s
sh
or
el
in
e
er
os
io
n
al
on
g
th
e
Ca
na
di
an
La
ke
Eri
e
coa
st.
It
is
a g
ood
exa
mpl
e
of
tra
nsb
oun
dar
y m
ove
men
t
of
lan
d—d
eri
ved
pol
—
lut
ant
s,
alt
hou
gh
the
SOu
rce
app
ear
s t
o b
e n
atu
ral
and
not
a r
esu
lt
of
man
—in
duc
ed
pollution.
Im
po
rt
an
ce
of
Re
su
sp
en
si
on
an
d
Sh
or
el
in
e
Er
os
io
n
Du
ri
ng
th
e
Sp
ri
ng
Ru
no
ff
Pe
ri
od
Du
ri
ng
th
e
sp
ri
ng
ru
no
ff
pe
ri
od
re
su
sp
en
si
on
an
d
sh
or
el
in
e
er
os
io
n
co
n-
tr
ib
ut
e
ma
jo
r
am
ou
nt
s
of
se
di
me
nt
to
th
e
Gr
ea
t
La
ke
s.
Du
ri
ng
th
e
sp
ri
ng
pe
ri
od
so
me
of
th
e
mo
st
in
te
ns
e
st
or
ms
oc
cu
r,
ca
us
in
g
re
su
sp
en
si
on
an
d
sh
or
el
in
e
er
os
io
n
to
co
mp
et
e
wi
th
ri
ve
r
se
di
me
nt
as
a
so
ur
ce
of
pa
rt
ic
ul
at
e
an
d
so
lu
bl
e
ma
te
ri
al
s
to the lakes.
Re
mo
te
se
ns
in
g
pr
ov
ed
to
be
ex
tr
em
el
y
va
lu
ab
le
in
id
en
ti
fy
in
g
su
sp
en
de
d
so
li
ds
le
ve
ls
ov
er
a
la
rg
e
ar
ea
.
Th
e
fa
ct
th
at
tu
rb
id
wa
te
rs
we
re
de
pi
ct
ed
in
th
e
im
ag
er
y
ev
en
th
ou
gh
no
si
gn
if
ic
an
t
ri
ve
r
di
sc
ha
rg
e
wa
s
oc
cu
rr
in
g
cl
ea
rl
y
de
mo
ns
tr
at
ed
th
e
im
po
rt
an
ce
of
re
su
sp
en
si
on
an
d
sh
or
el
in
e
er
os
io
n.
Ho
we
ve
r,
it
wa
s
di
ff
ic
ul
t
to
se
pa
ra
te
sh
or
el
in
e
er
os
io
n
fr
om
re
su
sp
en
si
on
ba
se
d
on
th
e
re
mo
te
se
ns
in
g
da
ta
,
an
d
in
ma
ny
ca
se
s
th
e
ro
le
of
re
su
sp
en
si
on
ve
rS
us
sh
or
el
in
e
erosion could not be deciphered.
Of
th
e
fi
ve
ri
ve
r
mo
ut
h
ar
ea
s
in
ve
st
ig
at
ed
,
sh
or
el
in
e
er
os
io
n
ap
pe
ar
ed
mo
st
pr
ed
om
in
an
t
al
on
g
th
e
so
ut
h
sh
or
e
of
th
e
we
st
er
n
ar
m
of
La
ke
Su
pe
ri
or
.
Th
e
se
di
me
nt
pl
um
e
of
th
e
Ne
ma
dj
i
Ri
ve
r,
wh
il
e
ob
se
rv
ab
le
,
wa
s
in
fa
ct
dw
ar
fe
d
by
th
es
ho
re
li
ne
er
os
io
n
in
pu
t.
Al
so
,
ba
se
d
on
nu
me
ri
ca
l
mo
de
li
ng
an
d
re
mo
te
se
ns
in
g
da
ta
,
it
is
es
ti
ma
te
d
th
at
ro
ug
hl
y
50
pe
rc
en
t
of
fi
ne
pa
rt
ic
ul
at
es
fr
om
th
e
Ne
ma
dj
i
Ri
ve
r
ru
no
ff
wh
ic
h
se
tt
le
ou
t
in
th
e
ne
ar
sh
or
e
zo
ne
ar
e
re
su
sp
en
de
d.
Re
su
sp
en
si
on
an
d
sh
or
el
in
e
er
os
io
n
ar
e
al
so
se
en
to
ha
ve
a
ma
jo
r
ef
fe
ct
re
la
ti
ve
to
th
e
Me
no
mo
ne
e
Ri
ve
r,
wh
os
e
se
di
me
nt
di
sc
ha
rg
e
is
mo
st
ly
tr
ap
pe
d
in
Mi
lw
au
ke
e
Ha
rb
or
.
Hi
gh
le
ve
ls
of
Su
sp
en
de
d
se
di
me
nt
we
re
ob
se
rv
ed
in
th
e
-90..
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nearshore waters adjacent to the Milwaukee Harbor during periods of no runoff,
indicating resuspension and shoreline erosion are a major source of sediment
to the lake. At the Genesee and Grand Rivers, shoreline erosion and resuspension
are believed to be significant at certain times.
The importance of resuspension in shallow western Lake Erie has already
been discussed. U.S. shore erosion did not appear to be significant, at least
relative to resuspension. Most of the shore erosion inputs to Lake Erie arise
from the Canadian shoreline.
Frequency and Extent of U.S. Nearshore Resuspension
Chesters and Delfino (1978) found that the magnitude of sediment resuspen-
sion is related closely to the occurrence of wind—generated waves strong enough
to resuspend bottom sediments. Sediment type is also important as fine sediments
(i.e., clayey sediments as f0und in the western basin of Lake Erie) are more
easily suspended than more coarse-grained (i.e., sandy) sediments.
Based on the limited data available, it was estimated that the quantity
of sediment reSuspension per unit areain the Great Lakes varies in the order
of: Superior>Michigan>Erie>Huron>0ntario (Chesters and Delfino, 1978). Cal—
culated resuspension quantities did appear to be in the same order of magnitude
as observed data.
The susceptibility of nearshore areas was also determined by Chesters and
Delfino (1978) based on the annual frequency and quantity of sediment resus-
pension. In Lake Superior the western basin, including the Duluth—Superior
area, and Whitefish Bay are particularly susceptible. The susceptible areas
of Lake Michigan include the eastern and southern basin. Saginaw Bay and the
St. Clair River are particularly susceptible portions of Lake Huron. In Lake
Erie, the western basin is more susceptible than the central and eastern basins,
even though the frequency of conditions conducive to resuspension is greater
for the central and eastern basins. The eastern nearshore areas of Lake Ontario
have the greatest resuSpension potential.
Critical areas in the U.S. nearshore zone were also delineated by Chesters
and Delfino (1978). These areas were Saginaw Bay, western Lake Erie, scuthern
Lake Michigan and the Duluth—Superior and northern segments of Lake Superior.
These critical areas are based on the quality of the sediments as well as the
frequency of resuspension. Consequently, due to taconite tailing disposal and
the associated asbestos problem, northern Lake Superior was conSidered a critical
area even though the potential for resuspension is low. Further, resuspension
frequency does not necessarily correspond with resuspension quantity.
It
sho
uld
be
cle
ar
tha
t
res
usp
ens
ion
of
sed
ime
nte
d
mat
eri
al
is
qua
nti
tat
ive
ly
ver
y
imp
ort
ant
in
the
Gre
at
Lak
es.
Sly
(19
77)
,
for
exa
mpl
e,
has
emp
has
ize
d
tha
t
reS
usp
ens
ion
of
par
tic
ula
tes
is
far
mor
e
sig
nif
ica
nt
qua
nti
tat
ive
ly
tha
n
the
dis
pos
al
of
dre
dge
d
mat
eri
als
.
How
eve
r,
the
sig
nif
ica
nce
to
wat
er
qua
lit
y
of
res
usp
ens
ion
is
not
cle
ar.
Obv
iOu
sly
, r
esu
spe
nsi
on
inc
rea
ses
tur
bid
ity
, b
ut
its
eff
ect
on
lev
els
of
pho
sph
oru
s,
hea
vy
met
als
,
org
ani
c
tox
ica
nts
,
etc
.,
is
es
se
nt
ia
ll
y
un
kn
ow
n.
For
ex
am
pl
e,
re
su
sp
en
si
on
of
bo
tt
om
se
di
me
nt
s
co
ul
d
ca
us
e
-91-
   
   
soluble nutrients in interstitial waters to be reintroduced into the water column.
Conversely, resuspended particulatematerial could scavenge soluble materials
through sorption and thereby remove pollutants from the water column. Since
it is now evident that resuspension is an important process in the Great Lakes,
more work will have to be undertaken to determine its importance to the chemical
and biological regime.
Effect of Toxics on Organisms in River Mouth Areas
In g
ener
al,
rela
tive
ly l
ittl
e di
rect
effe
ct o
n or
gani
sms
has
been
obse
rved
duri
ng o
r im
medi
atel
y fo
llow
ing
runo
ff e
vent
s.
This
is p
arti
cula
rly
true
for
toxi
c su
bsta
nces
, w
hich
are
most
ly d
eriv
ed f
rom
poin
t so
urce
s ra
ther
than
non-
poin
t so
urce
s (P
LUAR
G,
1978
;
Suns
et a
l.,
1978
).
The
lite
ratu
re o
n th
e ef
fect
,
or
pos
sib
le
eff
ect
, o
f c
ont
ami
nan
ts
der
ive
d f
rom
lan
d r
uno
ff
on
org
ani
sms
in
the
Gre
at
Lak
es
in
the
vic
ini
ty
of
riv
er
mou
ths
has
bee
n r
evi
ewe
d e
xte
nsi
vel
y e
lse
—
where in this report.
Jer
ger
et
al.
(197
8),
in
a s
tud
y c
ond
uct
ed
for
U.S
. T
ask
D,
mea
sur
ed
the
lev
els
of
tox
ic
pol
lut
ant
s i
n m
acr
oin
ver
teb
rat
es
col
lec
ted
in
the
Out
fal
l a
rea
s
of
fou
r U
.S.
tri
but
ari
es.
The
se
tri
but
ari
es
inc
lud
ed
the
Men
omo
nee
(Wi
sco
nsi
n),
Gra
nd
(Mi
chi
gan
),
Mau
mee
(Oh
io)
and
Ver
mil
lio
n (
Ohi
o).
Ben
thi
c m
acr
oin
ver
teb
rat
es
wer
e t
hou
ght
to
pro
vid
e a
goo
d i
ndi
cat
or
of
the
eff
ect
of
tri
but
ary
inp
uts
sin
ce
their mobility is restricted to the area of interest.
A l
arg
e n
umb
er
of
tox
ic
con
tam
ina
nts
wer
e a
nal
yze
d,
eve
n t
hou
gh
not
all
of
the
se
con
tam
ina
nts
wer
e e
xpe
cte
d t
o b
e d
eri
ved
fro
m l
and
run
off
.
Tab
le
18
pre
sen
ts
res
ult
s f
rom
thi
s s
tud
y (
Jer
ger
et
al.,
1978
) a
s w
ell
as
a s
imi
lar
Can
adi
an
stu
dy
(Su
ns
et
al.
, 1
978
).
Unf
ort
una
tel
y,
no
qua
lit
y c
ont
rol
or
sta
-
tis
tic
al
eva
lua
tio
n o
f t
he
dat
a w
as
rep
ort
ed
by
Jer
ger
et
al.
(19
78)
,
so
it
is
dif
fic
ult
to
ana
lyz
e t
he
reS
ult
s.
It
doe
s a
ppe
ar
tha
t m
any
val
ues
rep
ort
ed
by
Jer
ger
et
al.
(19
78)
are
muc
h h
igh
er
tha
n r
epo
rte
d b
y S
uns
et
al.
(19
78)
or
in
oth
er
stu
die
s o
f c
ont
ami
nan
t l
eve
ls
in
org
ani
sms
(Ko
nas
ewi
ch
et
al.
, 1
978
).
For
exa
mpl
e,
PCB
lev
els
in
Jer
ger
et
al.
are
two
to
thr
ee
ord
ers
of
mag
nit
ude
hig
her
tha
n n
orm
all
y r
epo
rte
d i
n t
he
lit
era
tur
e.
A c
onc
ent
rat
ion
of
PBB
re—
por
ted
by
Jer
ger
et
al.
in
Gra
nd
Riv
er
ben
thi
c m
acr
oin
ver
teb
rat
es
(0.
01
mg/
g;
sam
ple
not
sho
wn
in
Tab
le
18)
, w
as
hig
her
tha
n t
he
con
cen
tra
tio
n f
oun
d i
n m
any
con
dem
ned
cat
tle
in
the
Sta
te
of
Mic
hig
an
(Wa
ybr
ant
,
197
8).
The
met
al
lev
els
rep
ort
ed
by
Jer
ger
et
al.
may
als
o b
e h
igh
.
Whi
le
the
re
is
lit
tle
dat
a o
n m
eta
l
acc
umu
lat
ion
s i
n G
rea
t L
ake
s b
ent
hic
org
nis
ms
for
com
par
iso
n,
con
cen
tra
tio
ns
rep
ort
ed
in
fis
h
(Ko
nas
ewi
ch
et
al.
,
197
8)
ten
d
to
be
one
or
mor
e
ord
ers
of
mag
nit
ude
low
er
tha
n
rep
ort
ed
by
Jer
ger
et
al.
On
the
oth
er
han
d,
Jer
ger
et
al.
's
val
ues
for
ben
thi
c
org
ani
sms
are
in
the
sam
e
ran
ge
as
met
al
val
ues
fou
nd
in
Gre
at
Lak
es
sur
fic
ial
sed
ime
nts
(Ko
nas
ewi
ch
et
al.
,
197
8).
Jer
ger
et
al.
(19
78)
als
o
rep
ort
ed
on
an
exp
eri
men
t
whe
reb
y
liv
e—b
oxe
s
con
tai
nin
g
fre
shw
ate
r
cla
ms
wer
e
use
d
to
mea
sur
e
upt
ake
of
tox
ic
con
tam
ina
nts
nea
r
the
mOu
th
of
the
Ver
mil
lio
n
Riv
er
(La
ke
Eri
e).
The
onl
y p
ara
met
er
tha
t
sho
wed
a l
arg
e
inc
rea
se
in
con
cen
tra
tio
n o
ver
the
con
tro
l
was
zin
c.
The
sig
—
nif
ica
nce
of
thi
s
inc
rea
se
is
not
cle
ar,
how
eve
r.
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HEAVY MET
AL AND OR
GANOCHLOR
INE RESID
UES
IN BEN
THOS I
N THE
NEARSH
ORE BI
OTA OF
THE GR
EAT LA
KES
(mg
/g)
Vermil
lionl
Maumee
1
Grand1
Menomo
neel
Oakvil
le2
Grand2
Parame
ter
River
River
River
River
River
River
 
23 18
9.4
7.1
2.3
1.3
11 19
31
Zinc
84
162
126
Arsenic
18
15
7.5
Selenium
<1
2
2
<1
Mercury
<0.1
<0.1
<0.1
0.8
BHC
.17
0.02
.11
0.51
.007 i .0
01 .00
6 i .003
Heptachlo
r
<0.01
<0.01
0.01
<0.03
ND
ND
Dieldrin
0.14
0.06
0.07
0.06
.006 i .0
01 .00
3 i .001
Endrin
<0.03
<0.03
<0.04
0.03
ND
ND
p,pl D
DD
0.03
0.16
0.09
0.34
.002 i
.001
-—
Methoxychlor
0.07 0.
04 0.11
<0.01
Chlordane
<0.1
0.1
0.7
<0.1
.002 i .0
01
<.001
PCB
14
12
9
43
.040 i 8
.005 i 6
FEB
<0.02
Total Pth
alate
45
28
64
3
Copper
Cad
miu
m
8.
4
.
Lead
0.
9
.
7
.
O
N
M
O
O
O
p
—
i
w
l
ﬁ
1. From
Jerger et
al. (1978
); data p
redominan
tly from
samples t
aken in r
iver mout
h area.
2. From Suns et
a1. (1978); sampl
es taken upstream
from river mouth.
ND.
No
D
a
t
a
Available.
 
While current pesticide use is not considered a threat to the Great Lakes,
residues of formerly used pesticides, such as DDT and its derivatives, continue
to move off the land and into the lakes. A recent evaluation of hazardous chem—
icals in Lake Ontario (Waller and Lee, 1979) shows that levels of DDT and its
deriv
ative
s (
domin
ant
form
was D
DE)
are a
bout
ten t
imes
highe
r tha
n wat
er q
ualit
y
objectives set by the U.S. Environmental Protection Agency (EPA) and the Inter—
national Joint Commission (IJC). The objectives, which were set under the ratio—
nale that such levels could potentially result in bioaccumulation in fish and
subsequently cause harm to humans and fish eating birds, actually approach or are
below the current analytical detection level. Waller and Lee (1979) also point
out that, despite the fact that total DDT levels in water were above the EPA and
IJC
obje
ctiv
es,
conc
entr
atio
ns i
n fi
sh w
ere
gene
rall
y be
low
the
5 pp
m li
mit
set
by t
he U
.S.
Food
and
Drug
Admi
nist
rati
on f
or f
ish
used
for
huma
n co
nsum
ptio
n.
The
domi
nant
form
of t
he D
DT g
roup
in L
ake
Onta
rio
wate
r an
d fi
sh w
as D
DE.
Un—
fort
unat
ely,
Jerg
er e
t al
. r
epor
ted
no d
ata
for
DDE,
so t
he s
igni
fica
nce
of t
heir
DDT group data cannot be determined.
Over
all,
due
to l
ack
of a
comp
arat
ive
stat
isti
cal
eval
uati
on o
f th
e da
ta,
it
app
ear
s t
he
dat
a o
f J
erg
er
et
al.
(197
8)
is
que
sti
ona
ble
.
Hen
ce,
it
can
not
be u
sed
with
any
conf
iden
ce t
o as
sess
orga
nism
cont
amin
atio
n of
f Gr
eat
Lake
s
riv
er
mou
ths
.
How
eve
r,
eve
n w
ith
mor
e r
eli
abl
e d
ata
, i
t i
s d
oub
tfu
l t
hat
spe
—
cifi
c ef
fect
s of
rive
r in
puts
, an
d es
peci
ally
the
nonp
oint
comp
onen
t,
can
be
cle
arl
y e
sta
bli
she
d.
App
are
ntl
y,
non
poi
nt
inp
uts
are
dif
fus
e n
ot
onl
y b
eca
use
of
the
ir
sou
rce
, b
ut
als
o b
eca
use
of
the
ir
eff
ect
on
the
lake
.
The
Tas
k D
ef—
fort
has
show
n th
at n
onpo
int
inpu
ts
must
be v
iewe
d cu
mula
tive
ly w
ith
othe
r in
puts
to assess overall loads to the Great Lakes.
An
int
ere
sti
ng
poi
nt
wit
h r
ega
rd
to
tox
ic
sub
sta
nce
pol
lut
ion
of
the
Gre
at
Lak
es
is
tha
t s
edi
men
t d
eri
ved
fro
m n
onp
oin
t s
aur
ces
may
hel
p a
mel
ior
ate
the
tox
ic
Sub
sta
nce
s p
rob
lem
.
Lar
ge
sed
ime
nt
inp
ut
may
hel
p b
ind
tox
ic
pol
lut
ant
s
and
mak
e t
hem
bio
log
ica
lly
una
vai
lab
le
or
car
ry
the
m t
o t
he
sed
ime
nt.
Sed
ime
nt
inp
ut
may
als
o h
elp
dil
ute
and
"bu
ry"
tox
ic
mat
eri
als
in
lak
e s
edi
men
t.
It
is
per
hap
s n
ot
coi
nci
den
tal
tha
t L
ake
Eri
e h
as
the
low
est
PCB
con
cen
—
tra
tio
ns
in
fis
h (
Kon
ase
wic
h e
t a
l.,
197
8),
yet
rec
eiv
es
by
far
the
lar
ges
t
tri
but
ary
sed
ime
nt
loa
d.
The
rat
io
of
tri
but
ary
sed
ime
nt
inp
ut
to
lak
e v
olu
me
is
giv
en
in
Tab
le
19.
Not
e L
ake
Eri
e r
ece
ive
s o
ver
100
tim
es
as
muc
h t
rib
uta
ry
sed
ime
nt
inp
ut
as
Lak
e S
upe
rio
r o
n a
vol
ume
tri
c b
asi
s.
Whi
le
oth
er
fac
tor
s a
re
inv
olv
ed
whi
ch
app
are
ntl
y m
ake
Lak
e E
rie
les
s s
usc
ept
ibl
e t
o P
CB
and
tox
ic
Sub
-
sta
nce
s p
oll
uti
on
rel
ati
ve
to
the
oth
er
Gre
at
Lak
es
(e.
g.,
pro
duc
tiv
ity
,
sed
i—
men
t t
emp
era
tur
e,
oxy
gen
con
ten
t,
wat
er
res
ide
nce
tim
e,
par
tic
ula
te
set
tli
ng
rat
e,
the
com
pos
iti
on
of
the
fis
her
y),
the
sed
ime
nt
inp
ut
is
lik
ely
an
imp
ort
ant
factor.
Dat
a f
rom
Sun
s e
t a
l.
(19
78)
sho
w t
hat
org
ani
sms
in
the
low
er
rea
che
s o
f
the
Gra
nd
Riv
er
(Ca
nad
ian
Lak
e E
rie
tri
but
ary
)
gen
era
lly
had
low
er
con
tam
ina
nt
lev
els
tha
n o
rga
nis
ms
in
the
low
er
rea
che
s o
f O
akv
ill
e
Cre
ek
whi
ch
dra
ins
int
o
Lak
e O
nta
rio
.
Yet
no
sig
nif
ica
nt
dif
fer
enc
es
in
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 TABLE 19
RATIO OF GREAT LAKES TRIBUTARY
SUSPENDED SOLIDS LOADa TO LAKE VOLUME
Tributary Suspended
Solids Input (metric tons/yr)
 
Normalized to
Lake Lake Volume (km3) Lake Superior
Superior 113 1.0
Michigan 144 1.3
Huron 298 2.6
Erie 13,523 119.7
Ontario 916 8.1
a. Tributary Suspended Solids Load from PLUARG, 1978 .
 
 small and mostly rural. Its sediment load is relatively small. Thus, the lower
toxic levels in the Grand River may be related to the different sediment loads.
The possibility that sediment load is related to toxic levels leads one
to speCulate on the effect that reducing sediment loads may have on toxic con—
taminant levels. Perhaps a reduction of land runoff will improve the trophic
status of Lake Erie, but in turn cause thelake to Suffer more severe toxic
pollution problems. Clearly, the question is potentially a significant one,
and deserves further attention.
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 APPENDIX A
SUMMARY AND CONCLUSIONS
1.
Very little information exists in the literature which directly links
land—derived pollution with impairment of Great Lakes waters.
While many studies
have alluded to land—derived pollution as a cause of degradation of Great Lakes
water quality, it has been very difficult to separate the effects of nonpoint
source pollution from point source pollution.
Nevertheless, the indirect evidence
is strong that nonpoint pollution does contribute significantly to the degradation
of Great Lakes water quality.
2.
Although the physical and biological effects of pollutants on plank-
ton, benthos and fish are becoming better known, it is difficult to determine
what percentage of the impairment results from nonpoint source pollution as
opposed to point source pollution.
Further, the biological availability of
land—derived pollutants remains an incompletely answered question.
3. One of the clearest examples of specific land—derived inpacts is the
Cladophora accumulations in Lake Huron.
Due to the low ambient nutrient con-
centrations in the lake, Cladophora flourishes only in specific areas which
are enriched from local nonpoint or point pollution.
4. The amOunts of solids removed by dredging from many Great Lakes river
mouth areas were found to be comparable to the amount of suspended solids con—
tributed annually by the rivers.
Control of soil erosion upstream may thus
have a significant benefit in terms of reducing the quantity of sedimented
material that must be removed by dredging.
5. Sediment contributed by land runoff is often implicated im.being dele—
teriOus
to
macrophytes,
benthic
organisms
and
fish
in
the
Great
Lakes,
particularly
Lake Erie.
The effect of sediment is not easily separated from other environ—
mental perturbations, however.
6. Despite often being implicated as harmful to the Great Lakes, few
examples of Great Lakes impairment by road salt runoff exist. There is some
speculation that subtle but derogatory changes in the species composition of
phytoplankton in the Great Lakes may occur if chloride levels continue to in—
crease.
7. Since silica may cause a shift in algal species towards the nonsili-
ceous forms, such as the undesirable blue-greens, the effect that nonpoint source
control
may
have
on
reducing
silica
inputs
to
the
Great
Lakes
should
be
considered.
8. Despite the potential harmful impact of lead, there is currently no
evidence to indicate it is causing impairment of the Great Lakes resource.
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PHOSPHORUS
GENERAL IMPACT
Of the pollutants associated with nonpoint source pollution from land,
phosphorus has perhaps been studied the most, as it is regarded by most as the
key to the eutrophication process. Most of this work has documented the contri—
bution of the nonpoint source phosphorus load to tributaries relative to the
total tributary load (e.g., see Sonzogni et al., 1978). Unfortunately, it is very
difficult, if not impossible, to separate out the effects on Great Lakes Water
Quality of the runoff derived fraction of the tributary phosphorus load from the
effects of the point source fraction, since these inputs are often quickly dif-
fused within the lakes.
One way of estimating the importance of phosphorus emanating from nonpoint
sources is to measure the percent mass contribution from these sources (Table A1).
Inferences on the effect of nonpoint source phosphorus are often based on these
mass loading estimates. However, the actual effectof diffuse input cannot be
determined strictly from the magnitude of mass inptus, as much of it may enter
the lakes in a short period of time during spring runoff.
TABLE Al
PERCENT CONTRIBUTION OF DIFFUSE TRIBUTARY SOURCES
TO THE TOTAL PHOSPHORUS LOAD TO THE GREAT LAKES
Total Loadl Z 2
1 Lake Mid l970's(MT/YR) Diffuse
Superior 4 , 000 60
: Michigan 6,950 29
g Huron , 4,580 55
i Erie 18,150 50
Ontario 6,650 42
1Shoreline erosion not included
2Assumes 100 percent delivery of point sources. Data are
presented in the "Phosphorus Loads" chapter, Table 4.
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Assessment of the effect of nonpoint source phosphorus is further compli—
cated by the fact that not all of the phosphorus delivered to the Great Lakes is
biologically available for plant growth.
It appears that 40 to 50 percent or
more of the total phosphorus contributed by tributaries is unavailable
(Armstrong et al., 1978; Logan, 1978). Since a large fraction of the unavailable
phosphorus is associated with suspended soil particles, much of the phosphorus
from land runoff is likely to be unavailable. Since the question of availability
was a major area of investigation in U.S. Task D, this topic was discussed in
more detail earlier in this report.
Early studies of the effect of diffuse phosphorus inputs on the Great Lakes,
which were generally focused on eutrophic Lake Erie, often underestimated the
importance of land derived pollution. Baker and Kramer (1973), after monitoring
diffuse and point sources to the Sandusky River (a tributary to western Lake
Erie), concluded that the diffuse phosphorus loading factor generally applied for
Lake Erie at that time (U.S. Department of the Interior, 1968b) was less than
half of the value they found. This conclusion is consistent with other informa—
tion on diffuse phosphorus inputs found for the entire U.S. Lake Erie basin
(U.S. Army Corps of Engineers, 1975).
Since a large fraction of the annual land derived phosphorus input may enter
the lakes during the spring runoff period (Burwell et al., 1975; U.S. Army Corps
of Engineers, 1975; Sonzogni et al., 1978), a major portion of the U.S. Task D
(PLUARG) work was devoted to measuring impacts of phosphorus and other pollutants
during this period. Studies were conducted using a combination of shipboard
analysis and remote sensing offshore of five major U.S. tributaries. These
studies were discussed in more detail in the chapter which integrates and
summarizes the total U.S. Task D effort.
Some additional observations in the literature on the general effects of
land derived phosphorus inputs on each of the lakes are discussed below.
Lake Superior
Nonpoint phosphorus inputs do not likely have a major effect on the lakes as
a whole and few studies of nonpoint inputs have been undertaken. Although Lake
Superior receives the largest percentage of diffuse tributary phosphorus input
relative to other lakes, the nonpoint load is lowest of any of the Great Lakes.
Furthermore, due to the large volume of Lake Superior (over half the total volume
of the Great Lakes), the volumetric percentage is small. For example, the
average U.S. tributary derived phosphorus load to Lake Superior is about 0.2
metric tons/yr-km3. Thisvalue is over 175 times smaller than the U.S. tributary
phosphorus load to Lake Erie! Edmondson (1961, 1969) has indicated that dilution
factors and input concentrations, as can be implied from the above comparison,
need greater consideration in evaluating the effects of nutrient loads on the
lakes. Since much of the Lake Superior drainage is forested, the diffuse load is
probably composed, to a large extent, of base flow (ground water input to streams)
and represents near-natural or background conditions.
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 Some local effects, such as at Duluth-Superior Harbor or offshore of the red
clay erosion area on the western shore of Lake Superior (Monteith and Sonzogni,
1976), can occur. Bahnick (1977) studied the input of phosphorus associated with
red clay erosion in the southwestern Lake Superior basin. While the input was
not large compared to point sources, the relative importance of this nonpoint
source is expected to increase as point sources decrease in the future. The
solids derived from land runoff in this area may have more significant impact
than phosphorus productivity. This topic will be discussed later under "Bio—
logical Effects of Suspended Solids."
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 During certain periods, Green Bay exhibits a hypolimnetic oxygen demand.
This results from the oxygen demand exerted by algae stimulated by excess phos—
phorus, and from organic wastes generated by industry. The most severe dissolved
oxygen depletions occur during low flow conditions of the Fox River in late
summer. Also, during January—to-April ice cover, severe oxygen depletion through-
out 150 square miles of lower Green Bay has occurred (Patterson et al., 1975).
The role of nonpoint sources in this case is not obvious, but they undoubtedly
contribute to the overall problem.
 
Lake Huron
A large proportion of the total phosphorus load delivered to Lake Huron by
U.S. tributaries is of diffuse origin. Except for the lower Saginaw Bay and
Thumb area, most of this drainage is from forested areas and thus represents a
near—natural load (Manny and Owens, 1978). Productivity values tend to be low
(Glooschenko et al., 1974) in Lake Huron, reflecting this relatively natural
diffuse load.
The Saginaw River largely determines the water quality of Saginaw Bay,
carrying large amounts of industrial, municipal, and agricultural runoff. About
95 percent of the total phosphorus load entering the bay from tributaries ‘
(Sonzogni et al., 1978) is derived from the Saginaw River. When all municipal '
and industrial inputs are considered, approximately 70 percent of the Saginaw T
River's total phosphorus load is of nonpoint origin (Sonzogni et al., 1978).
In 1974, measurements of total phosphorus from tributaries, dustfall, and
rainfall were collected and utilized in a eutrophication model of Saginaw Bay
(Canale and Squire, 1976). It was concluded that control of both point and non-
point sources of pollution would be necessary to effect dramatic improvements in
water quality. For example, according to the model, an 80 percent removal of all
point source phosphorus contributionswould only result in a 30 percent decrease
in phosphorus concentrations near the mouth of the Saginaw River and would change
outer bay concentrations to a small degree, if at all.
It was reportedby Freedman (1974) that higher concentrations of phosphorus
and potassium along coastal portions of the outer bay mightbe indicative of
agricultural runoff from all rivers and shore areas, combined with interaction
with the sediments in shallower waters. As is the case with most other such
statements, no specific evidence was available to conclusively link these higher
concentrations to agricultural runoff.
Lake Erie
Lake Erie receives by far the largest phosphorus load and the largest ton-
nage of nonpoint source phosphorus. Tributaries in the U.S. western basin, such
as the Maumee and Sandusky Rivers, contribute a large part of the total nonpoint
phosphorus load. Herdendorff and Zapotosky (1977), as part of the U.S. Task D
(PLUARG) studies, investigated the impact of Maumee River spring runoff events
on western Lake Erie. A major conclusion of their work was that a significant
amount of phosphorus is contributed during the spring and ultimately affects the
whole lake due to transport in an easterly direction. Further discussion of this
work is presented in the section on the Summary and Evaluation of U.S. Task D.
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 Burns et al. (1976a) stated that high phosphorus concentrations observed
along the south shore of Lake Erie in 1970 were a result of heavy U.S. loadings
from the southern basin. They specifically indicated the high values were not
due to nutrients released from the sediments by wave action. It would appeaf—
then that nonpoint sources could be linked, at least in part, to the high levels.
Gachter et al. (1974), however, projected that high total phosphorus along the
south shore reflects point source discharge of sewage from Cleveland, Ohio, and
Erie, Pennsylvania. Similarly, Glooschenko et al. (1974) noted high phytoplankton
populations have been observed along the south shore, with the water off of Erie,
Pennsylvania, exhibiting particularly high primary production in contrast to the
eastern half of the lake. Undoubtedly, the higher values result from a combina-
tion of point and nonpoint sources, and it is difficult to separate out indivi-
dual influences on the lake.
If all point sources of phosphorus were eliminated, would nonpoint sources
of phosphorus still be sufficient to cause anoxic conditions in Lake Erie? It
has been estimated that a loading of 9,500 metric tons per year or less would be
necessary to eliminate the development of anoxic conditions (IJC Technical Group
to Review Phosphorus Loadings, 1978). It appears that nonpoint total phosphorus
loads are close to or less than this value. If a significant amount is not bio—
logically available, and this appears to be the case, then nonpoint sources of
phosphorus alone would not cause anoxic conditions in Lake Erie.
Lake Ontario
Nonpoint phosphorus sources also contribute a major percentage of the phos-
phorus load to Lake Ontario. The largest source of phosphorus to Lake Ontario
is the Niagara River, which connects Lake Erie to Lake Ontario. U.S. Lake Ontario
drainage is dominated by three tributaries with large drainage areas—-the Genesee,
Black and Oswego Rivers. Other parts of the U.S. drainage are dominated by small
tributaries (east and central part of the southern basin) or tributaries draining
undeveloped land (northeastern part of the basin). Although land drainage
probably comprises a significant amount of the total load to Lake Ontario from
these areas, it probably has a relatively small impact on the lake.
EFFECTS OF NONPOINT SOURCE PHOSPHORUS INPUTS ON BIOTA
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(Damaan, 1945; Holland and Beeton,
1972).
It has been suggested that the bimodal maximum apparent in extreme
southern inshore waters of Lake Michigan is the result of "special circumstances"
and that the unimodal maximum is the more general case for most of the lake basin
(Stoermer and Kopczynsky, 1967).
This bimodal maximum has also been observed in
Green Bay (Holland, 1969).
It is a reasonable conjecture that the cycle may be
characteristic of more eutrophic areas in the Great Lakes, possibly due in part
to nonpoint source inputs.
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It is probable that
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in contributing to the "special circumstances" alluded to by Stoermer and
Kopczynsky (1967).
 
Deterioration of the benthic fauna in the south end of Lake Michigan has
been noted with respect to oligochaete and amphipod abundance (Mozley and Alley,
1973). Nearshore zooplankton of southeastern Lake Michigan is of a very distinct
nature as compared to pelagic fauna (Roth and Stewart, 1973). Differences are in
part attributed to high inshore primary productiveity. Point source nutrient
effluents in this area are probably most significant in determining secondary
effects on zooplankton populations.
Stoermer (1968) investigated nearshore phytoplankton populations in Lake
Michigan near the mouth of the Grand River during thermal bar conditions. He
found that total algal cell counts were often nearly six times as high in the
inshore waters as in the offshore. Nearshore phytoplankton species composition
was found to be influenced by the Grand River to a substantial degree. The
primary influence was thought to be enrichment of nearshore waters by the river.
Thermal effects were believed to be secondary, in this case defining circulation
patterns and sharply delineating nearshore waters from offshore waters (i.e.,
thermal bar). The Grand River contributes approximately one—fourth of the annual
tributary loading of phosphorus to Lake Michigan with diffuse loading responsible
for about 50 percent of this load (Sonzogni et a1., 1978). The impact of the non-
point source component was not (and perhaps cannot be) separated out.
Marked differences in diatom flora were observed in the east (Ludington)
and west (Milwaukee) nearshore areas of Lake Michigan during certain months of
the year (Holland and Beeton, 1972). These differences were postulatedto be
associated in part with agricultural runoff within the drainage basins of the
Pere Marquette and the Milwaukee Rivers (which empty into Lake Michigan at
Ludington and Milwaukee, respectively), along with direct nutrient inputs from
—1l6-
 sewage treatment plants. It was observed that inshore waters off of Milwaukee
differed considerably from offshore waters, exhibiting higher concentrations of
nutrients and greater diatom populations with different species compositions.
In contrast, nearshore waters off of Ludington were fairly similar to offshore
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 densities.
Brown
(1977) further documented temporal fluctuations of phytoplank—
ton in the Hammond Bay area (northwestern Lake Huron)
from August,
1973,
i
through July, 1975.
Algal population densities were found to increase signi—
E
ficantly in May, peaking in June.
Heberger (1977) investigated the seasonal
population density and composition of crustacean zooplankton populations in
Hammond Bay.
He found that some taxa were significantly more abundant in
nearshore than in offshore areas.
This was
theorized to be a response to the
more eutrophic nature of nearshore waters (Beeton, 1965).
In nearshore transects sampled to the north and south of Hammond Bay in
September of 1972 (Schelske et al., 1974) diatom assemblages characteristic
,
of large oligotrophizlakes (Hutchinson, 1967) were observed.
Thisis consistent
g
with observed phosphorus input, which is largely land drainage and which is
g
a "natural" load due to the mostly undisturbed nature of the land and the
predominantly sandy soils.
Many studies have documented the familiar 'east—west' gradient of increas— ;
ing algal standing crop in Lake Erie (Bentley and Potos, 1971; Glooschenko et. al.,
1973; Munawar and Munawar, 1976) In conjunction with this gradient, qualitative
differences in phytoplankton species composition have also been noted (Davis,
1969; Verduin, 1964; Snow and Thompson, 1968; Michalski, 1968). The central
and eastern basins are more similar in species composition than the western
basin. Ceratium hirundinella, Peridinium sp, Pediastrum sp and Staurastrum Sp
were found to predominate in the eastern basin, whereas the western basin
lacked significant populations of these taxa, exhibiting a more eutrophic
flora (Michalski, 1968).
  
Since over 70 percent of the U.S. land draining into Lake Erie drains
into the western basin, land runoff is certainly a factor in this plankton
distribution. Further, the soils in the basin have an extremely high clay
content, which is conducive to runoff and phosphorus pollution. However, it
is difficult to separate out the point and nonpoint source effects, since the
Detroit River and, in particular, municipal discharge from the City of Detroit,
have a major impact on the western basin.
There is some indication that plankton are directly affected by tributary
discharge. The Maumee River, which contains a large nonpoint source component
(although the City of Toledo contributes a large point source load at the
mouth of the Maumee), has been found to stimulate algae production in Maumee
Bay. As early as 1933, phytoplankton standing crops near the mouth of the
Maumee were found to be greater than in open waters, decreasing with increasing
distance from the mouth of the river (Wright and Tidd, 1933). Recent work by
Herdendorff and Zapotosky (1977) also indicate stimulation of algae offshore of
the Maumee River following runoff events. With respect to zooplankton, Diap-
tomus siciloides and Cyclops vernalis, good indicators of eutrophic conditions
(Gannon, 1972) were first found in the extreme western end of Lake Erie in 1930
at the mouths of the Detroit and Maumee Rivers (Wright, 1955). It was projected
by Curl (1959) that plankton populations within the western basin of Lake Erie
could even be potentially maintained by phosphorus inputs solely fromthe Maumee
River. However, in light of the importance of the Detroit River input and
improved loading information, this seems very unlikely.
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The
general
decline
in
abundance
of
certain
species
of
zooplankton
in
Lake
Erie
has
also
been partially
attributed
to
the
occurrence
of
anoxic
conditions
in the central basin which is a result,
at least in part, of the diffuse phos—
phorus load.
For example,
Limnocalanus macrurus, a plankter characteristically
inhabiting colder, deeper waters of all the main lakes, has declined in distri-
bution and abundance in Lake Erie since 1930.
In Lake Ontario there is a distinct difference in phytoplankton abundance
and composition in nearshore vs. offshore waters in the spring, due to a
pronounced thermal bar which prevents mixing (Rodgers, 1965). As a result of
this condition, some insight on the effects of tributary loadings on the local—
ized nutrient concentrations can be gained. Nalewajko (1966, 1967) found that
certain algal species, particularly Stephanodiscus tenuis, reach high abundance
in nearshore waters, persisting until mixing occurs later in the season. Other
investigators have also noted inshore—offshore differences in phytoplankton
abundance and composition (Ogawa, 1969; Glooschenko et al., 1974). For example,
it has been observed that phytoplankton abundance is very highalong the shore
of Lake Ontario from Toronto (at the mouth of the Niagara River), along the
shore of the lake and up the eastern shore of the North Channel (Ogawa, 1969).
 
The eutrophic indicator species, Bosmina longirostris, was found to be
associated with urban development, also reaching higher densities in shoreline
areas (Shiomi and Chawla, 1970). Especially high levels were exhibited off of
the Oswego River in August of 1972 and were interpreted as being influenced by
the agricultural nutrient load of the river as much as by the city of Oswego
itself. The primary impact of the nutrients is upon the phytoplankton whose
growth is reflected by anabundance of certain zooplankton species—-in this
case, B. longirostris, which grazes on larger algal forms. These relations
are speculations only; no data is available to verify the relationships.
Macrophytes
Very little information is available linking land runoff phosphorus saurces
with macrophyte abundance in the Great Lakes. However, some studies associate
greater Cladophora abundance with high phosphorus loads. The sources of these
loads were not determined.
Lin (1971) indicated that stored phosphorus Cladophora growing in Milwaukee
Harbor and to the north in Lake Michigan substantially increased after a heavy
rainfall. This increase was attributed to runoff via storm sewers and increased
river flow (urban drainage). Cladophora growth was reported to be greatest in
lower Green Bay in the vicinity of the Fox River, diminishing in abundance and
productivity along the shore of the bay toward the lake (Fitzgerald, et. al.,
1975). Net photosynthesis of Cladophora was measured at several sites in
lower Green Bay during the summer of 1971 (Adams, 1973). It was found that
productivity was higher at sites receiving the greatest amounts of Fox River
water (Ahrnsbark and Ragotzkie, 1970). No specific link to nonpoint sources
was made, however.
Cladophora has been observed (Robinson, 1974) to grow abundantly from
Tawas City to Bay City, and east of Caseville around the Thumb to Harbor Beach,
-1l9—
 where suitable substrate is present. It was surmised that these growths
were stimulated by local enrichments from Saginaw Bay, which receives a con—
siderable nonpoint phosphorus load. In Lake Ontario, high phosphorus loading
has also been linked with dense growths of Cladophora. Once again, it does
not appear that the enrichment from nonpoint sources can be disaggregated
from the cumulative impact of the total phosphorus load from all sources.
Very recent research on Cladophora growth in Lake Huron (Canale and
Auer, 1978) that shown that, given the proper substrate, the presence of this
alga is associated with local sources of nutrients, including both urban and
rural nonpoint sources. Canale and Auer have hypothesized that the normally
low phosphorus levels in Lake Huron limit Cladophora growth except in areas
enriched by anexternal source. Apparently, relatively small nutrient inputs
can increase nearshore nutrient levels in the vicinity of the source to the
extent that the density, areal distribution and tissue nutrient content of
Cladophora are affected. The wider distribution of Cladophora in Lakes Erie
and Ontario may be the result of higher ambient nutrient levels in these lakes.
Cladophora is thus not dependent in these lakes on external sources, as
appears to be the case in Lake Huron.
The initial data of Canale and Auer providesa good example of a specific
local pollutant impact. Continued investigations along these lines should
provide beneficial information as to the effect of nonpoint and small point
sources on Lake Huron.
Benthos
A number of investigators have documented changes in benthic organism
abundance and composition throughout the last few decades. Changes involve
a shift in species composition toward anabundance of pollution-tolerant
Oligochaeta and Chironomidae, while the mayfly, Hexagenia, has decreased to
less than one percent of its former abundance (Beeton and Howmiller, 1970,
1971). It has been observed that even pollution—tolerant organisms are be—
coming largely absent from sediments in lower Green Bay (Balch et al., 1956;
Schraufnagel et al., 1968). These species shifts in abundance and distribu-
tion are related to nutrient input, degree of organic pollution, and deoxyge—
nation, although the individual influence of nonpoint derived phosphorus has
not been experimentally studied.
Actinomycete (a bacteria) populations, known for their nuisance odor-
causing properties, have also been observed to be very high in Green Bay
along with other nutrient enriched areas of the Great Lakes (Tierney et al.,
1976). Laboratory results indicated that the presence of organic materials
increased actinomycete growth. It was concluded that both point and non—
point source organic enrichment of northern Green Bay directly enhances con—
ditions for increased actinomycete growth.
Gannon and Stemberger (1978) found that rotifer abundance near the
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According to information compiled by Freedman (1974) from several differ-
ent surveys, Saginaw Bay has restricted fauna in the inner bay with pollution—
tolerant organisms predominating along the south and southeastern coasts.
Pollution—tolerant oligochaeta were the dominant organisms. Highest concen—
trations were found at the mouth of the Saginaw River (25,000/m2 of lake bottom)
and along the southeastern shores of the bay. It is interesting to note that
the highest phosphorus concentrations have been monitored at the mouth of the
Saginaw River, though Oligochaete distribution may also be related to bottom
type. The southeasterly shore distribution of Qligochaetes may be partially
due to the organic loading of the Kawkawlin River. The Saginaw River and the
discharges of sugar beet and milk plants in the Sebewaing area may also be
influencing factors (Freedman, 1974). The mayfly Hexagenia, once common in
Saginaw Bay, has completely disappeared. This is probably an indirect result
of high phosphorus loading, both point and nonpoint.
Benthos populations in the vicinity of the Maumee River mouth have re-
flected increasing nutrient loads. Carr and Hilttunen (1965) documented
changes in Lake Erie benthos between 1930 and 1961. It was observed that the
taxa Gastropoda and Sphaeriidae were rare near the mouths of the Maumee and
Raisin Rivers and the western side of the Detroit River, and that leeches
(Hirundinea) were adversely affected by polluted conditions near river mouths.
A large portion of the Maumee River load is of nonpoint' source origin.
Extremely high phosphorus loadings may indirectly result in anoxic condi—
tions in the late summer in the central basin of Lake Erie, due to the decay
of large algal standing crops (Burns et al., 1976 ). A classic result of
this condition is the widespread disappearance of the burrowing mayfly,
Hexagenia (Carr and Hilttunen, 1957). The loss of Hexagenia is very signifi—
cant in that it was a fish forage item, though its trophic importance is not
precisely understood (Christies, 1974). Although nonpoint sources of phos—
phorus alone could probably not account for the anoxic problem, they have
certainly contributed to it.
Fish
It is difficult to assess the extent to which eutrophiciation, and more
specifically nonpointnutrient sources, has brought about changes in fish
species composition, and little reference has been made to it in the literature.
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 Christie also projected that, in highly productive areas where many species
share common food resources, eutrophication may stress the competitive abilities
of more specialized fish species. For example, the specialized diet of the
smallmruth bass on crayfish may be affected by increasing eutrophic conditions
in the Bay of Quinte.
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TABLE A2
TO
THE
U.S.
PORTION
OF
THE
GREAT
LAKES
(103 tonnes/year)
REVISED
ESTIMATES
OF
FINE-GRAINED
SEDIMENT
INPUT
   
   
 
  
  
   
   
    
   
   
Lake
Sediment
Sources
Superior
Michigan
Huron
Erie
Ontario
Total
Tributary a
1,000
700
600
6,000
1,300
(1975-1976 avg.)
Tributary
Point a
50
3o
10
so
60
(1975-1976 avg.)
Direct
Point
30
140
50
330
30
.
.
b
b
b
b
Shoreline
Er031on
U.S.
6,900b
2,900
300
1,400
800
_
d
Canada
2,500 C
1,000
.
c
.f
,e
c
d
Atmospheric
40
900
400
1,800
1,300
. c d
Autochthonous
Loading
1,000
200
. c d
Inerconnecting Channels
1,400
4,600
  
  
  
  
  
 
F
t
h
a
O
U
‘
S
D
derived from Sonzogni et al., 1978
derived from Monteith and Sonzogni, 1976
derived from Kemp et al., 1976
derived from Kemp and Harper, 1976
derived from International Joint Commission, 1977f
derived from Eisenreich et al., 1977
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 the results of this compilation. Numbers in Table A2 should be viewed as first
approximations of fine—grained inputs, since in some cases fine—grained loads
were estimated from total sediment loads.
By providing an overview of the relative contributions of various fine—
grained sediment sources, Table A2 allows a rough estimate of the effective—
ness of various sediment control strategies. Data in Table A2 is also useful
for identifying potential trouble spots, Such as Lake Erie, which clearly re—
ceives the largest fine—grained sediment load. Comparison of the amount of
fine-grained input to total sediment input (Monteith and Sonzogni, 1976; and
Sonzogni et al., 1978) indicates the pollution potential of the total sediment
load, since fine—grained particles are likely to carry more chemical contami-
nants than coarse—grained particles. At the same time, fine—grained particles
also have a greater potential for removing contaminants from solution.
Lake Superior
The input of tailings to Lake Superior Flom Reserve Mining is significant
(Plumb and Lee, 1975; International Joint Commission, l977d), but the amount
actually distributed throughout the lake is unclear. Consequently, it has not
been included in the following discussion and estimates of solids loads to
Lake Superior.
Shoreline erosion is the major s0urce of fine-grained suspended sediment
to Lake Superior, the bulk of it being received by the western arm of the lake.
Monteith and Sonzogni (1976) indicate that approximately 30 to 50 percent of
the total annual U.S. shoreline erosion load to Lake Superior is derived from
this relatively small red-clay area in Wisconsin. This shoreline erosion load
makes up 25 to 30 percent of the total suspended sediment loading to Lake Su—
perior from all sources. In addition, it is estimated that 75 percent of the
U.S. tributary load of Suspended sediment is delivered to the western arm via
streams draining the red—clay area of Wisconsin and the Ontonogan area of Michi—
gan. To summarize, 35 to 45 percent of the total suspended solids input to
Lake Superior from the U.S. side can be attributed to erosion of a relatively
small area of northwest Michigan and Wisconsin.
Lake Michigan
Although shoreline erosion loads to Lake Michigan are extremely high (es-
pecially along the eastern shore), much of the material is coarse-grained, due
to the sandy texture of lakeshore bluffs. Nevertheless, fine—grained Suspended
sediment inputs to Lake Michigan are still dominated by shoreline erosion (ap—
proximately 60 percent).
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SEDIMENT
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the results of this compilation. Numbers in Table A2 should be viewed as first
approximations of fine-grained inputs, since in some cases fine-grained loads
were estimated from total sediment loads.
By providing an overview of the relative contributions of various fine—
grained sediment sources, Table A2 allows a rough estimate of the effective-
ness of variOus sediment control strategies. Data in Table A2 is also useful
for identifying potential trouble spots, such as Lake Erie, which clearly re—
ceives the largest fine—grained sediment load. Comparison of the amOunt of
fine—grained input to total sediment input (Monteith and Sonzogni, 1976; and
Sonzogni et al., 1978) indicates the pollution potential of the total sediment
load, since fine—grained particles are likely to carry more chemical contami-
nants than coarse—grained particles. At the same time, fine-grained particles
also have a greater potential for removing contaminants from solution.
Lake Superior
The input of tailings to Lake Superior Fnum Reserve Mining is significant
(Plumb and Lee, 1975; International Joint Commission, l977d), but the amount
actually distributed throughout the lake is unclear. Consequently, it has not
been included in the following discussion and estimates of solids loads to
Lake Superior.
Shoreline erosion is the major SOurce of fine-grained suspended sediment
to Lake Superior, the bulk of it being received by the western arm of the lake.
Monteith and Sonzogni (1976) indicate that approximately 30 to 50 percent of
the total annual U.S. shoreline erosion load to Lake Superior is derived from
this relatively small red—clay area in Wisconsin. This shoreline erosion load
makes up 25 to 30 percent of the total suspended sediment loading to Lake Su-
perior from all sources. In addition, it is estimated that 75 percent of the
U.S. tributary load of Suspended sediment is delivered to the western arm via
streams draining the red-clay area of Wisconsin and the Ontonogan area of Michi—
gan. To summarize, 35 to 45 percent of the total Suspended solids input to
Lake Superior from the U.S. side can be attributed to erosion of a relatively
small area of northwest Michigan and Wisconsin.
Lake Michigan
AlthOugh shoreline erosion loads to Lake Michigan are extremely high (es—
pecially along the eastern shore), much of the material is coarse—grained, due
to the sandy texture of lakeshore bluffs. Nevertheless, fine-grained suspended
sediment inputs to Lake Michigan are still dominated by shoreline erosion (ap-
pr0ximately 60 percent).
Tributary loads make up about 15 percent of the total loading, with highest
unit
area
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Michigan border. The intensive urbanization of this area may account for the
greater loads. Other portions of the Lake Michigan basin have consistently low
unit area loads, probably due to the predominately sandy surface soils of the
basin.
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 Other significant sources of fine-grained Suspended solids are direct
point sources and dredge spoil disposal.
Both are highest in southern Lake
Michigan (Milwaukee to Michigan—Indiana line).
Loads from this area make
up about 90 percent of the total direct point source inputs and approximately
30 percent of the total dredge spoil input. Much of the direct point source
load is from the Indiana Harbor Canal and Calumet River.
Lake Huron
Contributions of fine—grained suspended sediments from the U.S. portion
of the Lake Huron basin are greatest from tributary sources, with the largest
inputs being from the Saginaw River and Thumb area of Michigan. Shoreline
erosion loadings of fine—grained particles are rather small compared with the
other lakes, primarily due to the sandy nature of the eroded material, the
predominately westerly winds, which minimize erosion on the U.S. shoreline,
and the large proportions of bedrock— and wetland—dominated shoreline. The
shoreline erosion which does contribute fine—grained sediment is concentrated
largely along the eastern side of the Thumb of Michigan. Here the shallow—
ness of the water and the associated wave action tend to keep fine particles
in suspension, allowing transport to Lake St. Clair and, ultimately, to Lake
Erie.
Atmospheric inputs of particulate matter are more significant in Lake
Huron than in the other lakes. This indicates the overall low fine-grained
input to Lake Huron.
Lake Erie
Perhaps the best data available on sources and sinks of fine—grained sedi-
ment is that for Lake Erie (Kemp et al., 1974, 1976, 1977). Tributary inputs
make up a large percentage of the U.S. sediment contribution, with the Maumee
and Detroit Rivers being the largest tributary sources. Both are influent to
the shallow, turbid western basin. Almost all of this tributary load is de-
rived from diffuse sources, including soil erosion in the Maumee basin. The
highest unit area loads of suspended sediment in the Great Lakes basin are
associated with the rivers which flow into the central and eastern basins of
Lake Erie. Again, almost all of this load is derived from nonpoint sources.
U.S. shoreline erosion appears to be a significant source of fine-grained
sediment along portions of the Ohio shoreline, but is relatively minimal in the
western basin where tributary inputs are dominant. Canadian shoreline erosion,
concentrated along the central and eastern shoreline, is by far the largest
contributor of fine—grained sediment to Lake Erie (Kemp et al., 1977), but has
little impact on the western basin. Further, according to Kemp et a1. (1977),
sediment from the Canadian shoreline has little effect on the U.S. side of
eastern and central Lake Erie, but is either deposited in the deeper portions
of the eastern basin or carried into Lake Ontario via the Niagara River. Sedi-
ment transported from the western basin is generally moved northof the island
area into the central and eastern basins.
 
  
Other significant sources of fine-grained sediment are dredging, autoch—
thonous loadings due to biological productivity, and atmospheric inputs. Of
these, harbor dredging has perhaps the greatest effect, though the significance
of its impact is probably masked by the cooccurrence of other sources. Dredging
mainly occurs in harbors at the mouths of U.S. tributaries with very high sedi-
ment loads.
Lake Ontario
The largest source of fine—grained sediment to Lake Ontario is the Niagara
River, which, according to Kemp and Harper (1976), accounts for 50 percent of
the total sediment load to the lake from all sources. This estimate seems
reasonable in light of recent tributary loading data (Sonzogni et al., 1978).
Most Niagara River sediment comes from Lake Erie, which is, therefore, the
primary source of suspended materials for Lake Ontario. United States tribu—
taries, shoreline erosion, and the atmospheric inputs addapproximately equal
ambunts of fine—grained sediment to the lake and account for much of the re-
mainder of the fine—grained sediment input.
The Niagara River inputs generally affect only the western portions of
the lake, especially adjacent to the mouth. Sediment input from other SOurces
is thought to be rather rapidly diluted by lake waters and quickly transported
to the offshore basins. Kemp and Harper (1976) find only a thin, discontinuous
fine—grained sediment cover in the nearshore zones, a fact which they interpret
as indicative of the transitory nature of these localized deposits.
PHYSICAL EFFECTS OF NONPOINT SOURCE SOLIDS INPUT
Turbidity
A primary effect of increased sediment loading to lakes is increased tur—
bidity and a resultant decline in water transparency. Pinsak (1976) presents
mapped transparency data for the Great Lakes, which can be related to areas of
high nonpoint source inputs of particulates.
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 though the data is incomplete. An area of low transparency is present at the i
outflow from Green Bay to the open lake, but this may be attributable to high '
phytoplankton productivity in the bay. Cook and Powers (1964) present the
average spring concentration of volatile suspended solids near the mouth of the ‘
St. Joseph River as 10 mg/L, but the river's influence on this value is not clear. '
The lowest transparency in Lake Huron has been observed in Saginaw Bay
and around the periphery of the lake (Pinsak, 1976) and is most noticeable in
regions of greatest runoff and wave action. Turbidity patterns generally
reflect the flow of clear lake water into Saginaw Bay along the northwestern
shore, mixing with turbid Saginaw River water, and outflow along the southeast
shore, with additional input ofsuspended sediment from Thumb area tributaries.
Other turbid areas are noted along the eastern side of the Thumb (probably
shore erosion) and in the southern portion of Lake Huron, due to the combined
influence of Saginaw Bay, shoreline erosion, Canadian inputs, and resuspension
of bottom sediments in this relatively shallow area.
The western basin of Lake Erie consistnntly has the highest turbidity
values reported for the Great Lakes. High phytoplankton production, particulate
loads from the Maumee and Detroit Rivers, and resuspension due to wave motion
in this shallow basin all can be related to the low transparency. Turbidity ’
plumes from the Detroit River are associated with resuspension of sediment in
Lake St. Clair (Herdendorf and Zapotosky, 1977). Because shoreline erosion is
mini
mal
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ared
with
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puts
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tes
to t
he w
este
rn b
asin
, it
is evident that river loads are a primary source of inorganic suspended matter.
Inorganic matter makes up from 50 to 95 percent of the total suspended solids
loading (Chandler, 1942). Other areas of high turbidity in Lake Erie are
within the nearshore regions of the central and eastern basin, especially in
proximity to tributary influxes (Pinsak, 1976).
The U.S. portion of Lake Ontario, like Lake Erie, has relatively high
concentrations of suspended solids compared with the three upper lakes. Tur-
bidity is highest off the mouths of the Niagara and Genesee Rivers, with the
latter source increasing in significance during spring runoff. Large, well-
defined turbidity plumes were frequently observed at the mouth of the Niagara
River in Landsat images (Pluhowski, 1975). Outflow of suspended solids from
Lake Erie is estimated at 4.5 million MT/yr (Kemp et al., 1977).
Dredging and Drinking Water Supplies
 
The amOunt of bottom sediment dredged for navigation, harbor facilities,
and resource extraction totalled 67 million cubic meters for the entire Great
Lakes
durin
g the
perio
d 196
6 th
rough
1972.
Of th
is to
tal,
79 pe
rcent
was
dredg
ed
from U.S. waters (International Joint Commission, 1975 ), and over half of the
U.S. volume was removed from Lake Erie ports and channels. Stream sedimenta—
tion is one of the principal sources of dredged material, though littoral drift
and, in some cases, point sources can contribute significant quantities of
sediment.
. In attempting to understand the importance of tributary solids input, it
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BIOLOGICAL EFFECTS OF SUSPENDED SOLIDS
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TABLE A3
  
COMPARISON OF SUSPENDED SOLIDS LOADS AND MATERIAL REMOVED BY DREDGING
Stream Load (MT/YR)1
Average 1961-19702
Maintenance Dredging
 
Harbor Tributary 1975 1976 (MT/YR)
Duluth/Superior St. Louis 70,000 27,000 73,500
Ontonagon Ontonagon 580,000 150,000 18,400
Manistee Manistee 20,000 18,000 30,600
Manistique Manistique 12,000 16,000 6,100
Manitowoc Manitowoc 23,000 5,000 24,500
Menominee Menominee 13,000 16,000 4,900
Oconto Oconto 7,300 10,000 2,450
Racine Root 13,000 9,000 18,400
St. Joseph St. Joseph 82,000 110,000 53,300
Alpena Thunder Bay 6,000 6,900 6,100
Au Sable Au Sable 11,000 14,500 18,400
Clinton R. Clinton 18,000 18,400
Saginaw Saginaw 120,000 360,000 306,400
Buffalo Buffalo R. 122,000 367,600
Cleveland Cayahoga 630,000 747,600
Fairport Grand 570,000 245,100
Lorain Black 240,000 183,800
Monroe Raisin 150,000 122,500
Port Clinton Portage 66,000 6,100
Toledo Maumee 1,400,000 766,000
Oswego Oswego 100,000 141,000 49,000
Rochester Genesee 590,000 1,100,000 220,600
1. from Sonzogni
2. from Raphael
et a1.,(1978)
et a1. (1974)
___.2
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 suspension of fine sand to the cultures. They attributed this effect to light
attenuation. This lessening of primary productivity may take place even with
high nutrient levels, as is evidenced in a lake in the Netherlands (Gulati, 1972)
where dredging activities resulted in persistently high turbidities.
Others have documented similar influences of turbidity on primary produc—
tivity (Cheng and Tyler, 1976). The adverse effects of light attenuation may
be compounded by altered oxygen relationships in surface waters, due both to
lessened oxygen production and the high oxygen demand of the sediment influx.
Several examples of turbidity affecting primary productivity are available
in the Great Lakes literature. Sullivan (1953) found that phytoplankton standing
crops were usually lower at the mouths of Lake Erie tributaries with high sus-
pended sediment loads that at those with clearer waters. However, very high
nutrient loading may override the negative effects of turbidity. Sullivan found
standing crops of phytoplankton to be higher near the mouth of the Maumee River
(which contributes a very high nutrient load) despite the high concentration of
Suspended solids, a fact which may be attributed to extremely high productivity
near the surface. Further into Maumee Bay, the situation reverts to a reduced
standing crop of phytoplankton, which may be at least partially due to turbidity
and light attenuation (Great Lakes Basin Commission, 1976b). Swenson et a1.
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has increased since 1850. Kemp et al. (1974) esimtated that sedimentation
rates in Lake Erie have increased threefold since that time, due largely to
land c7,aring and agriculture in the basin, assuming that shoreline erosion
inputs are fairly constant. This may not be strictly true, as White et al.
(1975) felt that the loss of aquatic vegetation (due to siltation) has resulted
in an increased rate of erosion along the shores of Lake Erie.
Other variables may accentuate the effects of increased siltation on aquat-
ic vegetation. King and Hunt (1967) state that the increasing numbers of carp
have a large impact on macrophytes, by uprooting plants and by stirring up the
bottom to cause high turbidities. The importance of carp relative to increased
tributary sedinent loading has not been established.
Benthos
As Lee and Plumb (1974) have pointed out, it is difficult to determine
the effect of Suspended solids on benthic fauna and flora because very little
is known about their response to increased rates of siltation. Some benthic
organisms, Tubificiae and Chironomids, for example, may tolerate or even thrive
in increased sedimentation.
 
Rolan and Skoch (1976) present an overview of oligochaete and amphipod
distributions in the Great Lakes. In many cases the occurrence of oligochaetes
is not strictly determined by substrate, but may be controlled by organic matter
from sewage or industrial discharges. Nonetheless, soft substrate is required
to support large populations of these benthic organisms.
Large populations of oligochaetes are found throughout the southern portion
of Lake Michigan and near the mouth of the Grand River. High organic loading
from Chicago, Milwaukee, Gary, and St. Joseph may contribute to the high concen-
trations in southern Lake Michigan (Mozley and Howmiller, 1977). The high
concentration near the mouth of the Grand River may be at least partially a
function of organically enriched suspended sediment input from the river.
Oligochaetes in Lake Huron are most numerous near the mouth of the Saginaw
River and, to a lesser extent, along the eastern side of Saginaw Bay. This
distribution may be indicative of organic pollution from the Saginaw River,
although correlation of oligochaete populations with the distribution of river
sediments is poor. Substrate requirements for these benthic fauna are met in
many areas of Saginaw Bay, and abnormally high densities may bedue to a cone
bined substrate/pollutant effect. Hexagenia nymphs are no longer present in
Saginaw Bay, possibly due to depletion of dissolved oxygen at the bottom (Rolan
and Skoch, 1976). Among suggested causes are high inputs of oxygen—demanding
sediments.
A definite west—to-east gradient of oligochaete distribution is present
in Lake Erie, with highest densities in the western basin. Large populations
of Limnodrilus and Tubifex have been found near the mouths of the Maumee, Raisin
and Detroit Rivers. High nonpoint Suspended sediment loads are associated with
these rivers, and the organic fraction of these loads may be a significant factor
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 in determining oligochaete occurrences. Brinkhurst (1969) documents the increase
in numbers of oligochaetes in the nearshore waters of Lakes Erie and Ontario,
a distribution which may be attributable to increased organic enrichment of
these waters. Whether this increase is due to increased land drainage of soil
particles and thus partially attributable to nonpoint sources, or to organic
waste inputs from point scurces is not clear. However, Brinkhurst feels that
the phenomenon is not due to depth requirements of the organisms, as no such
depth-related pattern is established from other parts of the Great Lakes system.
Fish
Most studies of Great Lakes fish populations have concentrated on Lake
Erie fish. Turbidity, siltation, and the loss of macrophytes are common reasons
given for the decline of fish populations inhabiting or spawning in Maumee Bay
and the shallow areas of Lake Erie. Leach and Nepszy (1976) noted several
species declines which can at least be partially attributed to these factors.
Lake trout tend to avoid turbid waters and additionally are sensitive to
siltation of hard-bottom spawning areas. Unrestricted commercial exploitation
and destruction of summer oxygen regimes have compounded the problem.
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pertu
rbati
ons,
and H
artma
n (1
973)
noted
that,
since
Lake
Erie
is at
the s
outhe
rn
limit for Whitefish populations, the fishery is very sensitive to environmental
perturbations. Hartman (1973) stated that the increasing silt load in the
Maum
ee R
iver
arou
nd t
he t
urn
of t
he c
entu
ry d
estr
oyed
Whit
efis
h sp
awni
ng a
reas
in M
aume
e Ba
y an
d th
e we
ster
n ba
sin
of L
ake
Erie
, l
eavi
ng o
nly
the
open
lake
spa
wne
rs
to
sup
por
t t
he
fis
her
y.
Ove
rfi
shi
ng,
wat
er
tem
per
atu
re
inc
rea
ses
,
and
decr
ease
d di
ssol
ved
oxyg
en d
ecim
ated
the
rest
of t
he p
opul
atio
n, a
ccor
ding
to this hypothesis.
The
sau
ger
has
vir
tua
lly
dis
app
ear
ed
fro
m L
ake
Eri
e,
a f
act
whi
ch
Reg
ier
et a
1.
(196
9) a
ttri
bute
d to
degr
adat
ion
of s
pawn
ing
area
s in
the
near
shor
e
wate
rs a
nd t
ribu
tari
es o
f th
e we
ster
n ba
sins
.
Earl
ier,
incr
ease
d tu
rbid
ity
and
fert
ilit
y in
the
shal
low
area
s of
Lake
Erie
actu
ally
resu
lted
in a
peak
prod
ucti
on o
f th
e li
ght-
sens
itiv
e sa
uger
, bu
t th
ese
same
fact
ors
ulti
mate
ly
led
to
its
dem
ise
.
Oth
er
fis
h s
pec
ies
whi
ch
wer
e a
lle
ged
ly
adv
ers
ely
aff
ect
ed
by
sil
tat
ion
and
tur
bid
ity
wer
e t
he
wal
ley
e (
com
pou
nde
d b
y o
xyg
en
dep
let
ion
and
dec
lin
e o
f t
he
may
fly
) (
Bee
ton
, 1
966
; P
ars
ons
, 1
970
),
the
sil
ver
chu
b (
Whi
te
et
al.,
197
5),
the
mus
kel
lun
ge,
the
moo
ney
e,
and
the
sma
llm
out
h b
lac
k b
ass
.
Mig
rat
ory
str
eam
spa
wni
ng
spe
cie
s s
uch
as
the
lak
e s
tur
geo
n,
nor
the
rn
pik
e,
and
suc
ker
hav
e b
een
neg
ati
vel
y a
ffe
cte
d b
y t
he
des
tru
cti
on
of
mac
rop
hit
ic
spa
wni
ng
are
as
and
the
obs
tru
cti
on
of
str
eam
s b
y p
hys
ica
l o
r "
che
mic
al"
dam
s (
Whi
te
gt
31;, 1975).
Tab
le
A4
lis
ts
som
e
of
the
fis
h
spe
cie
s
inh
abi
tin
g w
est
ern
Lak
e
Eri
e
pri
or
to
195
7 (
Tra
utm
an,
195
7).
It
is
int
ere
sti
ng
to
not
e t
hat
, o
f 4
7 f
ish
spe
cie
s l
ist
ed,
29
hav
e h
abi
tat
req
uir
eme
nts
of
eit
her
cle
ar
wat
ers
,
aqu
ati
c
vegetation, or gravel/sand spawning substrate.
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FISH
TABLE A4
FOUND INHABITING THE WESTERN BASIN OF LAKE ERIE UP TO 1957
Species
Period found in
Maumee Bay
Habitat
1. Lake sturgeon
2. Spotted
3. Longnose gar
4. Mooneye
5. Eastern gizzardshad
6. Whitefi
7. Northern pike
8. Great Lakes
Before 1916,
1916-1950
gar Before 1901,
1901-1950
Before 1901,
1901-1950
Before 1901,
1901-1950
Local records
sh Local records
Before 1910,
1910-1950
Before 1900,
muskellunge after 1920
9. Bigmouth Local records
buffalofish
10. Silver redhorse 1885-1900
11. Northern shorthesd
Local records
redhorse
Declined because of inability of fish to
reach spawning grounds. Spawns in large
rivers or in the shallows of the lake.
Prefers quiet, clear water with large
abundance of aquatic vegetation.
Inhabits same areas as spotted gar, but with
less dependence on vegetation.
Prefers clearest waters with swift current;
needs large supply of small fish to feed on.
Decline since 1935 directly attributed to
increased turbidity.
Is tolerant of clear and turbid waters if
phytoplankton population is high. Winter
death rate appears to be high, especially
among the young.
Experienced sharp decline in number spawning
in Maumee Bay early in 1900's due to in-
creased smothering of spawning grounds by
siltation.
Inhabits clear water with abundant aquatic
vegetation. Large catches recorded in
Maumee Bay from 1900-1910. Decline since
1910 due to inability to reach spawning
grounds.
Was one of first species to become commer-
cially important; declined in Maumee Bay
after 1905. Spawns in clear, shallow
waters with abundant aquatic vegetation.
Maintained large population in Maumee River
in 1942. Occupies shallow and turbid waters,
and is in competition with the carp.
Inhabits areas where siltation and industrial
pollutants are at a minimum.
Inhabits shallow and clear waters with clean
and silt-free bottom of sand, gravel, or bed-
rock. More abundant before 1925. Declined
with increased turbidity.
SOURCE:
Adapted from Trautman, 1957.
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 TABLE A4 (cont'd.)
FISH
FOUND
INHABITING THE
WESTERN
BASIN
OF LAKE
ERIE
UP
TO 1957
Species
Period found i
Maumee Bay
n
Habitat
 
12.
l3.
14.
15.
16.
17.
18.
19.
20.
21.
Greater redhorse
Common white
sucker
Carp
Goldfish
Goldenshiner
Silver chub
Common emerald
shiner
Northern redfin
shiner
Spottail shiner
Spotfin shiner
Before 1900
Local records
After 1880
Local records
Local records
Before and
after 1900
Local records
Local records
Before 1926,
1926—1952
Local records
Prefers clear water with clean sand, gravel,
or boulders. High degree of intolerance to
turbidity and chemical pollutants. Before
1890-1920, species was numerous in Maumee
River.
Appears tolerant to increased turbidity,
siltation, organic and inorganic pollutants,
and low oxygen. Favors dense aquatic vete-
tation rich in nutrients.
Inhabits warm stream with abundant organic
matter (either contributed by sewage or by
biologic conversion of inorganic fertiizers
from fields, rooted aquatic vegetation, or
byproducts. Inhabits either clear or turbid
waters.
Is possible carp-goldfish hybrid. Occupies
same habitat as carp, but is less tolerant
to cool waters, turbidity, rapidsiltation,
and domestic and industrial pollutants.
Inhabits quiet and clear waters with bottom
composed or organic debris and/or sand with
abundant aquatic vegetation.
Is usually found in clear water l-20 m deep
with a gravel bottom.
Inhabits clear waters with the bottom unim-
portant.
Needs clear water with sandy or gravel bottom
and some aquatic vegetation.
Inhabits clear water with depth ranging from
1-20 m with bottom composed of sand or gravel.
Has decreased in Maumee Bay due to increased
silting and turbidity.
Appears tolerant to many environments, such
as increased turbidity, siltation, and do~
mestic or industrial pollutants. Deposits
eggs on underside of objects.
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 TABLE A4 (cont'd.)
FISH FOUND INHABITING THE WESTERN BASIN OF LAKE ERIE UP TO 1957
Species
Period found in
Haumee Bay
Habitat
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
Northeastern sand
shiner
Bluntnose minnow
Channel catfish
Brown bullhead
Black bullhead
Stonecat madtom
American eel
Eastern burbot
Troutperch
Brook silversides
White bass
White crappie
Local records
Local records
Local records
Local records
Before 1901,
1901-1950
1901-1950
Before and
after 1910
Local records
Local records
Before 1901L
1901-1950
Local records
Local records
Ex
pe
ri
en
ce
d
a
dr
as
ti
c
de
cr
ea
se
in
nu
mb
er
s
fr
om
19
20
-1
95
0
in
th
e
Ma
um
ee
Ri
ve
r.
In
ha
-
bi
ts
bo
tt
om
co
mp
os
ed
of
sa
nd
an
d
gr
av
el
wi
th
a
cu
rr
en
t.
Ne
ed
s
cl
ea
r
wa
te
r
wi
th
ro
ot
ed
vegetation.
In
ha
bi
ts
wa
te
rs
wi
th
de
pt
h
ra
ng
in
g
fr
om
0-
30
m.
Ap
pe
ar
s
to
le
ra
nt
to
tu
rb
id
it
y,
in
or
ga
ni
c
an
d
or
ga
ni
c
po
ll
ut
an
ts
.
In
ha
bi
ts
fa
ir
ly
cl
ea
n
bo
tt
om
s,
us
ua
ll
y
co
m-
po
se
d
of
sa
nd
,
gr
av
el
,
bo
ul
de
rs
,
or
si
lt
-
de
ns
e.
Aq
ua
ti
c
ve
ge
ta
ti
on
un
ne
ce
ss
ar
y.
Pr
ef
er
s
cl
ea
r,
co
ol
wa
te
r
wi
th
mo
de
ra
te
am
ou
nt
s
of
aq
ua
ti
c
ve
ge
ta
ti
on
.
Bo
tt
om
co
m-
po
se
d
of
sa
nd
or
gr
av
el
.
Ap
pe
ar
s
mo
re
to
l—
er
an
t
to
tu
rb
id
wa
te
rs
th
an
bl
ac
k
bu
ll
he
ad
.
Oc
cu
rs
in
tu
rb
id
,
wa
rm
wa
te
rs
an
d
is
to
le
r-
an
d
to
in
du
st
ri
al
an
d
do
me
st
ic
po
ll
ut
an
ts
and silting.
In
ha
bi
ts
bo
tt
om
co
mp
os
ed
of
gr
av
el
,
bo
ul
de
r,
or
be
dr
oc
k.
Ap
pe
ar
s
in
la
rg
e
st
re
am
s
fr
ee
of
si
lt
an
d
ot
he
r
po
ll
ut
an
ts
wi
th
an
ab
un
da
nc
e
of
in
se
ct
s,
cr
ay
fi
sh
,
an
d
fo
ra
ge
fi
sh
.
Ad
ju
st
s
to
tu
rb
id
wa
te
rs
by
fi
nd
in
g
fo
od
by scent.
Co
me
s
in
to
sh
al
lo
w
wa
te
rs
in
wi
nt
er
.
In
ha
bi
ts
bo
tt
om
co
mp
os
ed
of
cl
ea
n
sa
nd
or
gr
av
el
.
Ap
pe
ar
s
nu
me
ro
us
in
wa
te
r
le
ss
than 1.5 m deep.
In
ha
bi
ts
cl
ea
n
wa
te
r
wi
th
sa
nd
or
or
ga
ni
c
mu
ck
bo
tt
om
s.
Do
es
no
t
li
ke
tu
rb
id
wa
te
rs
.
In
ha
bi
ts
cl
ea
r
wa
te
rs
wi
th
fi
rm
bo
tt
om
.
Oc
cu
rs
in
de
pt
hs
le
ss
th
an
9
m.
Ne
ed
s
’
abundance of small fish.
Is
on
e
of
th
e
mo
st
so
ug
ht
af
te
r
pa
nf
is
he
s.
To
le
ra
nt
to
ma
ny
co
nd
it
io
ns
,
es
pe
ci
al
ly
to
turbidity and siltation.
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 TABLE A4 (cont ' d .)
FISH
FOUND
INHABITINC
THE WESTERN
BASIN
OF LAKE
ERIE UP TO
1957
Species
Period found in
Maumee Bay
Habitat
34.
35.
36.
37.
38.
39.
40.
41.
42.
Black crappie
Northern smallmouth
blackbass
Northern largemouth
blackbass
Green sunfish
_Northern bluegill
sunfish
Pumpkinseed
sunfish
Sauger
Yellow walleye
Yellow perch
Local records
Local records
Local records
Local records
Local records
Before 1926,
1926—1950
Local records
Local records
Local records
Appears to decrease in numbers in turbid
waters. Needs clear waters with abundance
of submerged aquatic vegetation and a
sandy bottom.
Decreased in last 25 yrs due to increased
turbidity. Inhabits bottoms composed of
clean gravel or boulder. Requires a
maximum depth greater than 1 m.
Inhabita essentially nonflowing waters with
bottoms composed of soft muck and organic
debris, gravel, hard sand, or nonflocculent
clays.
Exhibits no preference to type of bottom.
Appears more tolerant to turbidity and
siltation than other sunfish.
Has decreased from 1920-50 despite repeated
planting of fry and adults. Inhabits waters
which are clear or which contain little sus-
pended clay or silts, with bottoms composed
of sand, gravel, or muck containing organic
debris. Needs an abundance of aquatic
vegetation.
Inhabits clear non—flowing waters which do
contain clayey silt in suspension. Needs
bottom composed of muck or sand partly
covered with organic debris with a dense
aquatic vegetation.
Inhabits shallow, more turbid waters with
silty bottoms.
Inhabits shallow water with bottoms composed
of gravel and bedrock. Has declined in
.Maumee Bay due to increased turbidity.
Inhabits clear, shallow water with an
abundance of rooted aquatic vegetation.
Bottom composition usually muck, organic
debris, sand, or gravel. Has declined in
turbid and siltating waters.
 TABLE A4 (cont'd.)
FISH FOUND INHABITING THE WESTERN BASIN OF LAKE ERIE UP TO 1957
 
Spe
cie
s
Per
iod
fou
nd
in
Hab
ita
t
Maumee Bay
43.
Cha
nne
l d
art
er
Bef
ore
192
4,
Inh
abi
ts
bot
tom
s
com
pos
ed
of
coa
rse
san
d
19
24
-1
95
2
wi
th
fi
ne
gr
av
el
be
ac
he
s.
Oc
cu
rs
in
cl
ea
r
wa
te
r
1 m
de
ep
in
the
da
y
and
in
sh
al
lo
w
water at night.
44.
Nor
the
rn
log
per
ch
Loc
al
rec
ord
s
Inh
abi
ts
are
a w
ith
bot
tom
com
pos
ed
of
san
dy
dar
ter
and
/or
fin
e g
rav
el
bea
che
s.
Nee
ds
mod
er-
at
el
y
de
ns
eb
ed
s
of
su
bm
er
ge
d
aq
ua
ti
c
ve
ge
-
tation, especially for the young.
45.
Cen
tra
l j
ohn
ny
Loc
al
rec
ord
s
App
ear
s t
ole
ran
t
to
man
y o
rga
nic
and
ino
r-
dar
ter
gan
ic
pol
lut
ant
s
and
inc
rea
sed
tur
bid
ity
.
Eg
gs
ar
e
de
po
si
te
d
on
th
e
un
de
rs
id
e
of
st
on
es
.
In
ha
bi
ts
bo
tt
om
co
mp
os
ed
of
sa
nd
or
gr
av
el
.
Ap
pe
ar
s
le
ss
to
le
ra
nt
of
su
b-
me
rg
ed
aq
ua
ti
c
ve
ge
ta
ti
on
th
an
th
e
sc
al
y
johnny darter.
46.
Sca
ly
joh
nny
Loc
al
rec
ord
s
Inh
abi
ts
non
-fl
owi
ng
wat
er
wit
h s
ilt
y
dar
ter
bot
tom
s i
n b
ays
and
pro
tec
ted
bea
ch
are
as.
47.
Fre
shw
ate
r d
rum
Loc
al
rec
ord
s
Inh
abi
ts
wat
ers
ran
gin
g f
rom
1.5
—18
m
dee
p.
In
war
mer
mon
ths
,
inh
abi
ts
wat
ers
les
s
tha
n
1.5 m deep. Appears to tolerate turbid
water, but likes clear water with clean
bottoms.
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 Swenson et a1. (1976) have investigated the effects of red—clay turbidity
on the aquatic environment of Lake Superior and have concluded that definite
differences in fish community structureare evident between clear and turbid
waters. However, they do not document any changes which have occurred over
time due to increased suSpended sediment loads. In essence, their studies
describe ecologic differences which exist in response to natural nonpoint source
suspended sediment loadings.
Larval herring are similarly most abundant near the surface in turbid
wate
rs w
here
zoop
lank
ton
dens
itie
s ar
e al
so h
igh.
This
situ
atio
n ha
s hi
s—
tori
call
y ai
ded
the
surv
ival
of h
erri
ng l
arva
e by
ensu
ring
an a
mple
food
supp
ly
(zoo
plan
kton
) a
nd l
imit
ing
pred
atio
n by
turb
idit
y-se
nsit
ive
lake
trou
t.
The
rise
in p
opul
atio
ns o
f im
migr
ant
rain
bow
smel
t in
the
earl
y 'S
Os h
as l
arge
ly
neg
ate
d t
his
adv
ant
age
Ous
pos
iti
on.
Sme
lt
als
o t
end
to
con
gre
gat
e i
n t
he
nea
r-
sur
fac
e w
ate
rs
and
are
tho
ugh
t t
o p
rey
on
lar
val
her
rin
g (
Swe
nso
n,
197
7).
Thu
s,
alt
hou
gh
tur
bid
ity
app
ear
s t
o r
esu
lt
in
gre
ate
r h
err
ing
sur
viv
al
in
the
abs
enc
e
of
sme
lt,
tur
bid
ity
ind
ire
ctl
y m
ay
cau
se
low
er
sur
viv
al
of
lar
val
her
rin
g a
nd
pop
ula
tio
n d
ecl
ine
thr
oug
h i
ts
inf
lue
nce
on
sme
lt
dis
tri
but
ion
and
foo
d h
abi
ts
(Swenson et al., 1976).
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 DISSOLVED SOLIDS
Dis
sol
ved
sol
ids
nat
ura
lly
ent
er
the
Gre
at
Lak
es
thr
oug
h
wea
the
rin
g
and
de
co
mp
os
it
io
n
of
ro
ck
s,
so
il
s,
de
ad
pl
an
t
ma
te
ri
al
,
etc
.
Th
e
ru
no
ff
cy
cl
e
is
a
ma
jo
r
fa
ct
or
in
the
ra
te
of
ch
lo
ri
de
in
fl
ux
(S
pa
in
an
d
An
dr
ew
s,
197
0).
In
the
Co
lo
ra
do
Ri
ve
r
ba
si
n,
fo
r
ex
am
pl
e,
it
is
es
ti
ma
te
d
th
at
na
tu
ra
l
di
ff
us
e
so
ur
ce
s
of
sa
lt
co
nt
ri
bu
te
so
me
60
pe
rc
en
t
of
th
e
da
il
y
sa
lt
lo
ad
ex
po
rt
ed
by
th
e
ri
ve
r
(B
la
ck
ma
n
et
al
.,
19
73
).
Ce
rt
ai
n
ag
ri
cu
lt
ur
al
,
fo
re
st
ry
,
in
du
st
ri
al
an
d
mi
ni
ng
pr
ac
ti
ce
s,
an
d
tr
an
sp
or
ta
ti
on
ac
ti
vi
ti
es
(r
oa
d
sa
lt
ap
pl
ic
at
io
n)
si
gn
if
ic
an
tl
y
ad
d
to
su
ch
na
tu
ra
l
ba
ck
gr
ou
nd
le
ve
ls
of
di
ss
ol
ve
d
so
li
ds
.
So
re
ns
on
et
al
.
(1
97
7)
pr
ov
id
e
a
go
od
,
co
mp
re
he
ns
iv
e
re
vi
ew
of
po
te
nt
ia
l
so
ur
ce
s
an
d
bi
ol
og
ic
al
ef
fe
ct
s
of
di
ss
ol
ve
d
so
li
ds
.
Tw
o
im
po
rt
an
t
co
ns
ti
tu
en
ts
wh
ic
h
co
nt
ri
bu
te
to
to
ta
l
di
ss
ol
ve
d
so
li
ds
,
ch
lo
ri
de
an
d
si
li
ca
,
wi
ll
be
di
sc
us
se
d
be
lo
w.
CHLORIDE
General Impact
Ch
lo
ri
de
is
a
co
ns
er
va
ti
ve
co
ns
ti
tu
en
t
of
fr
es
hw
at
er
en
vi
ro
nm
en
ts
,
me
an
in
g
th
at
is
do
es
no
t
co
mb
in
e
wi
th
ot
he
r
aq
ue
ou
s
or
so
li
d
ph
as
es
an
d
is
no
t
re
mo
ve
d
fr
om
th
e
sy
st
em
by
co
mm
on
ch
em
ic
al
,
ph
ys
ic
al
an
d
bi
ol
og
ic
al
pr
oc
es
se
s
su
ch
as
pr
ec
ip
it
at
io
n,
so
rp
ti
on
,
ch
el
at
io
n
an
d
bi
ol
og
ic
al
up
ta
ke
.
Be
ca
us
e
of
it
s
co
n—
se
rv
at
iv
e
na
tu
re
,
ch
lo
ri
de
ha
s
be
en
us
ed
as
an
in
de
x
of
po
ll
ut
io
n
in
th
e
Gr
ea
t
La
ke
s
(R
ai
ne
y,
19
67
;
Ti
ff
an
y
an
d
Wi
nc
he
st
er
,
19
69
).
In
th
e
la
st
de
ca
de
ma
ny
in
ve
st
ig
at
io
ns
ha
ve
be
en
un
de
rt
ak
en
co
nc
er
ni
ng
ch
lo
ri
de
tr
an
sp
or
t
(R
ic
ha
rd
so
n,
19
74
;
La
m
an
d
Si
mm
on
s,
19
76
)
an
d
es
ti
ma
te
s
of
fu
tu
re
ch
lo
ri
de
le
ve
ls
in
th
e
Gr
ea
t
La
ke
s
ha
ve
be
en
ma
de
(M
er
ed
it
h
et
al
.,
19
74
;
Ru
me
r
et
al
.,
19
74
;
Ow
nb
ey
an
d
Ke
e,
19
67
;
Do
bs
on
,
19
67
).
So
nz
og
ni
et
al
.
(1
97
8)
ha
ve
al
so
es
ti
ma
te
d
ch
lo
—
ri
de
tr
ib
ut
ar
y
lo
ad
s
fo
r
th
e
Gr
ea
t
La
ke
s,
in
cl
ud
in
g
th
e
di
ff
us
e
co
mp
on
en
t.
Th
is
re
vi
ew
f0
un
d
no
st
ud
ie
s
th
at
co
nc
lu
si
ve
ly
re
la
te
in
cr
ea
si
ng
le
ve
ls
of
di
ss
ol
ve
d
so
li
ds
in
th
e
Gr
ea
t
La
ke
s
wi
th
bi
ol
og
ic
al
ef
fe
ct
s.
As
ap
tl
y
su
mm
ed
up
by
So
re
ns
on
et
al
.
(1
97
7)
,
"E
ff
ec
ts
of
th
is
wa
te
r
qu
al
it
y
pa
ra
me
te
r
ar
e
uS
ua
ll
y
su
bt
le
,
se
ld
om
se
rv
in
g
to
co
mp
le
te
ly
el
im
in
at
e
or
to
co
mp
le
te
ly
st
im
u-
la
te
bi
ol
og
ic
al
sy
st
em
s.
"
A
fe
w
in
ve
st
ig
at
io
ns
ha
ve
ma
de
so
me
in
te
re
st
in
g
in
—
ferences, however.
St
oe
rm
er
et
a1
.
(1
97
4)
as
se
rt
ed
th
at
so
me
le
ss
de
si
ra
bl
e
ph
yt
op
la
nk
to
n
sp
ec
ie
s
th
at
ha
ve
ad
ap
te
d
to
ph
ys
ic
al
co
nd
it
io
ns
in
th
e
Gr
ea
t
La
ke
s
co
me
pr
i—
ma
ri
ly
fr
om
sa
li
ne
wa
te
rs
an
d
th
at
in
cr
ea
se
s
in
co
ns
er
va
ti
ve
io
n
le
ve
ls
ma
y
se
le
ct
iv
el
y
fa
vo
r
th
em
,
re
Su
lt
in
g
in
an
in
cr
ea
se
in
ab
un
da
nc
e.
Th
is
co
nj
ec
tu
re
is
ba
se
d
in
pa
rt
on
ob
se
rv
at
io
ns
of
ph
yt
op
la
nk
to
n
ab
un
da
nc
e
an
d
sp
ec
ie
s
as
se
mr
bl
ag
es
in
La
ke
On
ta
ri
o.
St
oe
rm
er
(1
97
7)
ha
s
fu
rt
he
r
hy
po
th
es
iz
ed
th
at
a
biological breakpoint exists between 7.5 and 10.0 mg/L chloride, which may
cause a shift in phytoplankton towards nuisance, taste— and odor-causing blue—
green algae.
Unti
l re
cent
ly,
info
rmat
ion
in t
he l
iter
atur
e ha
s ge
nera
lly
supp
orte
d th
e
con
clu
sio
n t
hat
osm
oti
c p
rob
lem
s,
res
ult
ing
whe
n s
alt
con
cen
tra
tio
ns
are
in-
cre
ase
d,
are
res
pon
sib
le
for
obs
erv
ed
cha
nge
s i
n p
rod
uct
ivi
ty
(Sc
hmi
dba
uer
and
Rie
d,
1967
).
It
has
bee
n s
ugg
est
ed,
how
eve
r,
tha
t s
odi
um
str
ess
rat
her
tha
n
osm
oti
c s
tre
ss
may
be
res
pon
sib
le
for
bio
log
ica
l c
han
ges
pre
vio
usl
y a
sso
cia
ted
wit
h i
ncr
eas
ing
chl
ori
de
con
cen
tra
tio
ns
(Ba
tte
rto
n a
nd
van
Baa
len
, 1
978
; H
ell
e-
:
bus
t,
197
8).
Bro
wne
ll
and
Nic
hol
as
(19
67)
fou
nd
tha
t t
he
blu
e-g
ree
n a
lga
,
E
Ana
bae
na
cyl
ind
ric
a,
und
erw
ent
red
uce
d n
itr
oge
n f
ixa
tio
n a
s a
res
ult
of
sod
ium
def
ici
enc
y.
Blu
e-g
ree
n a
lga
e h
ave
an
abs
olu
te
nee
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and
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a c
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ot
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by
oth
er
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er
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,
and
it
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n
pro
pos
ed
tha
t m
ono
val
ent
ion
s,
as
wel
l a
s o
the
r f
act
ors
, m
ay
be
res
pon
sib
le
in
favoring blue-green algae (Pravasoli, 1969).
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ert
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and
Pow
ers
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67)
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t t
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l o
rga
nic
mat
ter
and
tot
al
dis
sol
ved
org
ani
c m
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er
in
the
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at
Lak
es
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sed
in
thi
s
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er:
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Hur
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hig
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e,
and
Ont
ari
o.
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t
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mar
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pro
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tiv
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and
/or
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ndi
ng
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inc
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tot
al
dis
sol
ved
sol
ids
(Ra
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n,
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0;
Nor
thc
ote
and
Lar
kin
, 1
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; K
ere
kes
and
Nur
sal
l,
196
6;
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nay
ya,
,
197
3).
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by
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s
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sal
l
(19
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t
as
tot
al
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dis
sol
ved
sol
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inc
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utr
ien
ts
bec
ome
ava
ila
ble
,
res
ult
ing
in
an
inc
rea
se
in
pro
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a c
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a c
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ng
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e l
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con
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c
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c
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f c
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.
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n d
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at
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op
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has been noted in all of the Great Lakes with the exception of Lake Superior
(Engel, 1962; Robertson, 1966; Evans and Stewart, 1977). Specific occurrences
of these species will be discussed Subsequently with respect to chloride loading
in each of the Great Lakes.
Lake Superior
Because its basin lies mostly outside the Paleozoic carbonate belt that
underlies the remainder of the Great Lakes basin (International Joint Commission,
1977
c),
Lake
Supe
rior
natu
rall
y ex
hibi
ts c
onsi
dera
bly
lowe
r le
vels
of d
isso
lved
solids and alkalinity than the other lakes. Chloride levels are extremely low
with the exception of localized areas where brine from mining operations are
released (Spain et al., 1969; Spain and Andrews, 1970; Sonzogni et al., 1978).
If
the
se
min
e d
isc
har
ges
are
con
sid
ere
d p
oin
t s
our
ces
, t
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dif
fus
e i
npu
ts
of
chlo
ride
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not
curr
entl
y li
kely
to h
ave
a me
asur
able
effe
ct o
n th
e la
ke.
In c
ontr
ast
to t
he o
ther
Grea
t La
kes,
Lake
Supe
rior
has
actu
ally
unde
rgon
e a
slig
ht d
ecre
ase
in t
otal
diss
olve
d so
lids
conc
entr
atio
n (K
rame
r, 1
964;
Weil
er
and Chawla, 1969), according to the long-term data available.
Lake Michigan
Att
emp
ts
hav
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e t
o d
iff
ere
nti
ate
the
scu
rce
s o
f c
hlo
rid
e l
oad
s
in
Lak
e M
ich
iga
n.
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and
Wil
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e (
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e t
hat
43
per
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t o
f t
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tot
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chl
ori
de
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d t
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ake
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an
is
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to
lan
d r
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ch
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7 pe
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t of
the
chlo
ride
load
to n
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oadi
ng.
The
dis
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pro
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ly
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to
the
fact
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for
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e d
eic
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e b
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n.
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a m
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con
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r w
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inc
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e (
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con
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n d
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pro
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con
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bui
ld-
up
of
dis
sol
ved
sol
ids
in
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pro
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pro
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l o
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Lak
es
inc
rea
sed
in
thi
s
ord
er:
Sup
eri
or,
Hur
on,
Mic
hig
an,
Eri
e,
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inc
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a c
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 has been noted in all of the Great Lakes with the exception of Lake Superior
(Engel, 1962; Robertson, 1966; Evans and Stewart, 1977). Specific occurrences
of these species will be discussed subsequently with respect to chloride loading
in each of the Great Lakes.
Lake Superior
Because its basin lies mostly Outside the Paleozoic carbonate belt that
under
lies
the r
emain
der
of th
e Gre
at La
kes b
asin
(Inte
rnati
onal
Joint
Commi
ssion
,
1977
c),
Lake
Supe
rior
natu
rall
y ex
hibi
ts c
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dera
bly
lowe
r le
vels
of d
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lved
soli
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nd a
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d An
drew
s, 1
970;
Sonz
ogni
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con
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f c
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t o
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ne
nt
an
d
po
te
nt
ia
ll
y
ir
re
ve
rs
ib
le
ef
fe
ct
s,
due
to
the
co
ns
er
va
ti
ve
na
tu
re
of
chl
ori
de.
-
For
exa
mpl
e,
the
fil
ame
nto
us,
blu
e—g
ree
n
alg
a,
Ste
pha
nod
iSC
us,
whi
ch
may
ca
us
e
fi
lt
er
cl
og
gi
ng
at
wa
te
r
in
ta
ke
s
as
we
ll
as
ta
st
e
an
d
od
or
pr
ob
le
ms
,
ha
s
be
en
ob
se
rv
ed
to
be
mo
re
pr
ev
al
en
t
in
ex
tr
em
e
so
ut
he
rn
po
rt
io
ns
of
La
ke
Mi
ch
i—
ga
n
in
th
e
vi
ci
ni
ty
of
in
du
st
ri
al
ch
lo
ri
de
di
sc
ha
rg
e.
St
oe
rm
er
(19
77)
be
li
ev
es
tha
t
chl
ori
de
con
cen
tra
tio
n m
ay
be
a
cru
cia
l
fac
tor
in
evo
kin
g
a s
hif
t
in
 plankton composition toward salt—tolerant species such as Stephanodiscus.
The rapid spread of the marine alga, Bangio atropurpurea, has been related
to high levels of halogens and trace metals which are present in runoff waters
and
cont
amin
ated
harb
ors
of L
ake
Mich
igan
(Lin
and
Blum
, 19
77).
Bang
ia w
as
firs
t fo
und
on t
he s
outh
west
ern
shor
e of
Lake
Mich
igan
and
pres
entl
y co
vers
suit
able
subs
trat
es o
n th
e so
uthe
rn t
wo—t
hird
s of
the
lake
shor
e.
It i
s in
ter—
esti
ng t
o no
te t
hat
Kann
(195
9) f
ound
that
Bang
ia o
nly
occu
rred
in p
orti
ons
of
a f
res
hwa
ter
lak
e i
n G
erm
any
whe
re
chl
ori
de
con
cen
tra
tio
n w
as
a r
ela
tiv
ely
hig
h
30—40 mg/L.
Sim
ila
rly
, E
van
s a
nd
Ste
war
t (
1977
) n
ote
d t
he
pre
sen
ce
of
sal
t—t
ole
ran
t
ben
thi
c a
nd
epi
ben
thi
c m
icr
ofa
una
in
nea
rsh
ore
are
as
of
sou
the
ast
ern
Lak
e M
ich
i-
gan.
For
exa
mpl
e,
Eur
yte
mor
a a
ffi
nis
, a
bra
cki
sh
wat
er
cal
ano
id,
was
fou
nd
in
sam
ple
s.
The
org
ani
sm
was
fir
st
det
ect
ed
in
Lak
e E
rie
in
196
1 (
Enge
l,
1962
)
and
is
now
als
o f
oun
d i
n L
ake
s M
ich
iga
n,
Hur
on
and
Ont
ari
o.
Thr
ee
oth
er
zoo
—
pla
nkt
ers
obs
erv
ed
by
Eva
ns
and
Ste
war
t (
1977
) e
xhi
bit
sal
ini
ty
tol
era
nce
s w
hic
h
ran
ge
fro
m s
lig
htl
y t
o m
ode
rat
ely
sal
ine
(Wh
itt
ake
r a
nd
Fai
rba
nks
, 1
958
).
Lake Huron
Wei
ler
and
Cha
wla
(196
9)
obs
erv
ed
tha
t c
hlo
rid
e a
nd
Sul
pha
te
hav
e i
ncr
eas
ed
sim
ila
rly
in
Lak
e M
ich
iga
n a
nd
Lak
e H
uro
n.
It
was
thu
s s
ugg
est
ed
tha
t L
ake
Mic
hig
an
is
the
pri
mar
y s
our
ce
of
dis
sol
ved
ion
s i
n L
ake
Hur
on.
Tif
fan
y a
nd
Win
che
ste
r (
1969
) i
ndi
cat
e t
hat
the
Sag
ina
w R
ive
r b
asi
n i
s t
he
pri
me
con
tri
bu—
tor
of
hal
oge
ns
to
Lak
e H
uro
n
whi
cho
the
rwi
se
der
ive
s i
ts
hal
oge
ns
fro
m r
ela
-
tiv
ely
unp
oll
ute
d a
rea
s.
Thi
s i
s i
n a
cco
rd
wit
h S
onz
ogn
i e
t a
1.
(197
8),
who
ind
ica
te
tha
t a
ppr
oxi
mat
ely
80
per
cen
t o
f t
he
chl
ori
de
tri
but
ary
loa
d t
o L
ake
Hur
on
ari
ses
fro
m t
he
Sag
ina
w R
ive
r.
App
r0x
ima
tel
y 6
0 p
erc
ent
of
the
Sag
ina
w
Riv
er'
s c
hlo
rid
e l
eve
l i
s a
ttr
ibu
tab
le
to
non
poi
nt
sou
rce
s.
The
onl
y d
OCu
men
tat
ion
of
bio
log
ica
l e
ffe
cts
of
chl
ori
de
loa
din
g i
n S
agi
naw
Bay
not
es
tha
t a
bun
dan
ces
of
the
dia
tom
, A
ste
rio
nel
la
sub
cyl
ind
ric
a,
at
sta
tio
ns
in
and
adj
ace
nt
to
Sag
ina
w B
ay
wer
e h
igh
ly
cor
rel
ate
d t
o c
hlo
rid
e c
onc
ent
rat
ion
s
greater than 5 mg/L (Schelske et al., 1974).
Lake Erie
Chl
ori
de
con
cen
tra
tio
ns
hav
e i
ncr
eas
ed
gre
atl
y i
n L
ake
Eri
e s
inc
e 1
910
(Be
eto
n,
196
5;
Own
bey
and
Kee
, 1
967
),
and
it
is
for
eca
st
tha
t t
hes
e i
ncr
eas
ing
lev
els
may
thr
eat
en
the
use
of
Lak
e E
rie
wat
er
for
som
e p
urp
ose
s
(Ru
mer
et
al.
,
197
4).
The
U.S
. E
nvi
ron
men
tal
Pro
tec
tio
n A
gen
cy
has
fou
nd
tha
t c
hlo
rid
e l
eve
ls
hav
e i
ncr
eas
ed
sig
nif
ica
ntl
y i
n t
he
las
t t
en
yea
rs
(Ro
ckw
ell
, p
ers
ona
l c
omm
uni
-
cat
ion
, 1
978
).
The
re
is
ver
y l
itt
le
in
the
lit
era
tur
e r
ega
rdi
ng
the
eff
ect
s
of chloride on Lake Erie biota.
Bas
ed
on
the
rec
ent
est
ima
tes
of
Son
zog
ni
et
a1.
(19
78)
, a
s m
uch
as
90
per
cen
t o
f t
he
tri
but
ary
chl
ori
de
loa
d i
s d
eri
ved
fro
m d
iff
use
sou
rce
s.
Dir
ect
dis
cha
rge
s f
rom
mun
ici
pal
sew
age
tre
atm
ent
pla
nts
(e.
g.,
Det
roi
t a
nd
Cle
vel
and
pla
nts
) a
nd
ind
ust
ria
l o
per
ati
ons
aro
und
Det
roi
t/W
ind
sor
als
o c
ont
rib
ute
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 considerable amOunts of chloride.
Own
bey
and
Kee
(19
67)
con
sid
er
ind
ust
rie
s o
n t
he
Det
roi
t a
nd
Gra
nd
(Oh
io)
Riv
ers
to
be
the
pri
nci
pal
con
tri
but
ors
of
chl
ori
de
to
Lak
e
Eri
e.
Wei
ler
and
Cha
wla
(19
69)
att
rib
ute
hig
h
chl
ori
de
con
cen
tra
tio
ns
in
off
sho
re
wat
ers
nea
r
Tol
edo
and
Cle
vel
and
,
Ohi
o,
and
Eri
e,
Pen
nsy
lva
nia
,
to
the
ind
ust
ria
l
dev
elo
p-
men
t
in
and
aro
und
the
se
cit
ies
.
Own
bey
and
Kee
(19
67)
att
rib
ute
app
rox
ima
tel
y
11
pe
rc
en
t
of
th
e
to
ta
l
ch
lo
ri
de
in
pu
t
in
to
La
ke
Er
ie
in
19
64
to
de
ic
in
g
sa
lt
run
off
,
bas
ed
on
amo
unt
s
of
sal
t
app
lie
d
to
U.S
.
roa
ds
wit
hin
the
bas
in.
Tho
ugh
us
e
of
de
ic
in
g
sa
lt
is
in
cr
ea
si
ng
wi
th
po
pu
la
ti
on
gr
ow
th
,
in
du
st
ry
is
an
d
wi
ll
co
nt
in
ue
to
be
th
e
pr
im
ar
y
co
nt
ri
bu
to
r
of
ch
lo
ri
de
s
to
La
ke
Er
ie
(O
wn
be
y
an
d
Kee, 1967).
It
ap
pe
ar
s
th
at
ma
na
ge
me
nt
an
d
re
st
ri
ct
io
n
of
de
ic
in
g
sa
lt
ru
no
ff
Wo
ul
d
be
mo
st
ef
fe
ct
iv
e
in
lo
ca
li
ti
es
wh
er
e
su
ch
ru
no
ff
co
ns
ti
tu
te
s
th
e
pr
im
e
co
n-
tr
ib
ut
in
g
so
ur
ce
of
ch
lo
ri
de
.
Fo
r
ex
am
pl
e,
Ru
me
r
et
al
.
(1
97
4)
es
ti
ma
te
d
th
at
36
pe
rc
en
t
of
th
e
to
ta
l
ch
lo
ri
de
lo
ad
di
sc
ha
rg
ed
by
Bu
ff
al
o,
Ne
w
Yo
rk
,
wa
s
at
tr
ib
ut
ab
le
to
so
di
um
ch
lo
ri
de
ap
pl
ie
d
to
ci
ty
st
re
et
s.
It
is
in
te
re
st
in
g
to
no
te
th
at
ap
pr
OX
im
at
el
y
90
pe
rc
en
t
of
th
e
to
ta
l
we
ig
ht
of
ch
lo
ri
de
s
ap
pl
ie
d
to
ci
ty
st
re
et
s
ev
en
tu
al
ly
re
ac
he
d
th
e
la
ke
vi
a
th
e
co
mb
in
ed
se
we
r
sy
st
em
.
Ru
no
ff
of
de
ic
in
g
sa
lt
wi
th
in
th
e
La
ke
Er
ie
ba
si
n
wa
s
co
ns
id
er
ed
to
be
an
in
k
po
rt
an
t
so
ur
ce
of
ch
lo
ri
de
an
d
pr
es
en
te
d
ve
ry
se
ri
Ou
s
wa
te
r
qu
al
it
y
pr
ob
le
ms
in
sm
al
l
em
ba
ym
en
ts
wi
th
lo
w
fl
us
hi
ng
ra
te
s
(R
um
er
et
al
.,
19
74
).
No
im
pa
ct
s
on
th
e
bi
ot
a
du
e
so
le
ly
to
th
e
hi
gh
ch
lo
ri
de
le
ve
ls
we
re
ob
vi
ou
s.
As
a
fo
ll
ow
-u
p
to
th
ei
r
ca
se
st
ud
y
in
Bu
ff
al
o,
Me
re
di
th
an
d
Ru
me
r
(1
97
6)
de
ve
lo
pe
d
a
si
mu
la
ti
on
mo
de
l
fo
r
ev
al
ua
ti
ng
th
e
ef
fe
ct
s
of
ro
ad
sa
lt
ru
no
ff
.
It
wa
s
co
nc
lu
de
d
th
at
th
e
am
ou
nt
of
de
ic
in
g
sa
lt
us
ed
in
th
e
Bu
ff
al
o
ar
ea
is
gr
ea
te
r
th
an
ca
n
be
ju
st
if
ie
d
ec
on
om
ic
al
ly
,
bu
t
no
cl
ea
r
ra
ti
on
al
e
fo
r
re
du
ci
ng
le
ve
ls
to
pr
ot
ec
t
th
e
Gr
ea
t
La
ke
s
wa
s
gi
ve
n.
Up
ch
ur
ch
(1
97
2)
st
at
ed
th
at
ch
lo
ri
de
co
nc
en
tr
at
io
ns
in
th
e
Ma
um
ee
Ri
ve
r
we
re
pr
ob
ab
ly
du
e
to
st
re
et
sa
lt
ru
no
ff
,
ba
se
d
on
a
hi
gh
po
si
ti
ve
co
rr
el
at
io
n
be
tw
ee
n
so
di
um
an
d
ch
lo
ri
de
co
nc
en
tr
at
io
ns
in
Ma
um
ee
Ri
ve
r
wa
te
r.
Th
os
e
sy
st
em
s
do
mi
na
te
d
by
cu
lt
ur
al
wa
st
es
wi
ll
su
pp
os
ed
ly
sh
ow
si
gn
if
ic
an
t
co
rr
el
at
io
ns
be
—
tw
ee
n
co
mp
on
en
ts
ad
de
d
by
ma
n,
an
d
re
du
ce
d
co
rr
el
at
io
n
si
gn
if
ic
an
ce
be
tw
ee
n
cu
lt
ur
al
an
d
na
tu
ra
l
co
mp
on
en
ts
.
Th
is
co
rr
el
at
io
n
ha
s
no
t
be
en
ve
ri
fi
ed
,
an
d
it
ap
pe
ar
s
st
re
et
ru
no
ff
ma
y
no
t
be
as
si
gn
if
ic
an
t
a
co
nt
ri
bu
to
r
to
th
e
Ma
um
ee
ch
lo
ri
de
lo
ad
as
su
gg
es
te
d
by
Up
ch
ur
ch
.
So
nz
og
ni
et
a1
.
(1
97
8)
fo
un
d
hi
gh
di
ff
us
e
lo
ad
s
of
ch
lo
ri
de
,
es
ti
ma
te
d
at
25
1,
10
0
me
tr
ic
to
ns
pe
r
ye
ar
,
em
an
at
in
g
fr
om
th
e
Ma
um
ee
Ri
ve
r.
Th
is
va
lu
e
co
mp
ri
se
s
ov
er
90
pe
rc
en
t
of
th
e
to
ta
l
ch
lo
ri
de
lo
ad
.
It
is
di
ff
ic
ul
t
to
as
ce
r-
ta
in
wh
at
pr
op
or
ti
on
of
th
is
lo
ad
is
du
e
to
na
tu
ra
l
ba
ck
gr
Ou
nd
le
ve
ls
(a
s
op
-
po
se
d
to
ro
ad
sa
lt
ru
no
ff
),
bu
t
it
is
pr
ob
ab
ly
a
la
rg
e
pe
rc
en
ta
ge
.
Do
cu
me
nt
at
io
n
of
th
e
po
ss
ib
le
ef
fe
ct
s
of
ch
lo
ri
de
le
ve
ls
on
La
ke
Er
ie
bi
ot
a
se
em
to
be
re
st
ri
ct
ed
to
sc
at
te
re
d
ob
se
rv
at
io
ns
co
nc
er
ni
ng
th
e
re
ce
nt
OC
Cu
rr
en
ce
s
of
eu
ry
ha
li
ne
ta
xa
.
Fo
r
ex
am
pl
e,
Yo
un
g
(1
97
5)
ob
se
rv
ed
an
un
—
us
ua
ll
y
de
ns
e
bl
oo
m
of
th
e
br
ac
ki
sh
wa
te
r
di
at
om
,
Sk
il
et
on
em
a
Su
bs
al
um
,
in
  
Sandusky Bay during April of 1974. This diatom had not previously been reported
in the western hemisphere.
Chloride loading data (Sonzogni et al., 1978) indi—
cate that the Sandusky River carries about 50,000 metric tons of chloride per
year into the bay, with over 90 percent of this load originating from diffuse
sources. At this point, however, it is a matter of conjecture whether chloride
inputs are related to observed algal blooms. Investigations concerning direct
and indirect effects of a range of chloride concentrations on algal species com—
position and productivity are necessary. It would be interesting to look at
blooms off of the Maumee River, which has a chloride loading five times as
great at that of the Sandusky.
Lake Ontario
Lake Ontario is also receiving large amounts of chloride. According to
Dobson (1967), chloride and sodium levels in Lake Ontario are changing more
rapidly than any other constituents and, at their present rate of increase,
concentrations will double in the next fifty years. The Oswego River is re-
sponsible for 85 percent of the U.S. tributary load. Fifty percent of the Os-
wego input comes from identified point sources (Sonzogni et al., 1978).
As in Lake Erie, localized water problems in embayments adjacent to highly
urbanized areas can be directly related to deicing salt runoff. Bubeck et a1.
(1971) f0und that local chloride build—up in Irondequoit Bay had increased five
times in the last 20 years, exceeding limiting values set for drinking water.
Chloride levels were largely due to runoff of deicing salt. During the winter
of 1969—70, runoff was high enough to prevent complete vertical mixing in spring.
It was determined that the period of summer stratification had been prolonged
by a month based on comparisons with 1939 conditions. This is a good example
of a nonpoint source impact.
Stoermer et al. (1974) noted that many dominant and Subdominant taxa of
phytoplankton in Lake Ontario occur most abundantly in brackish and saline in-
land waters. Phytoplankton compositional changes have previously been attributed
to eutrophication in general, but Stoermer et al. (1974) emphasized the importance
of considering the interaction of both physical and chemical factors when re-
garding such changes. Beeton (1966) similarly suggests that changes in benthic
communities, bacterial abundances and fish growth rates may be due to environ-
mental conditions not related to eutrophication. He also stressed the impor—
tance of looking at total dissolved solids and major ions.
SILICA
Silica is an absolute necessity in diatom cell wall formation and cell
division (Lewin, 1962). Diatoms are able to increase in biomass only until
all available silica has been utilized in cell wall formation. The silica
depletion that results from high phosphorus loading thus causes qualitative
and quantitative changes in algal populations. When phosphorus is added to a
system in excess, depleting silica, a species shift will occur towards pre-
dominately nonsiliceous algal forms, such as the undesirable blue-greens.
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Recent experiments (Schelske and Stoermer, 1971, 1972) have shown that
silica is indeed limiting diatom growth in southwestern Lake Michigan.
Approximately ten to twenty times more phosphorus is being added than can be
utilized by diatoms at available silicalevels. In 1969, lowest concentrations
of silica were found in southernmost surface samples within Lake Michigan (Schel—
ske and Callender, 1970). Chicago water intake records also show decreasing
silica concentrations with time (Powers and Ayers, 1967). Diffuse source loads
of phosphorus in Lake Michigan are contributing to phosphorus overloads with
respect to silica concentrations.
While some have suggested that diatom production is dependent on watershed
input of silica (Lund, 1972; Upchurch, 1972), the majority of investigators
have emphasized the importance of contributions of reactive soluble silica via
dissolution and recycling processes (Duthie and Sreenwasa, 1971; Frey, 1974;
Parker and Edington 1975, 1977a; Conway et a1., 1977; Nriagu, 1978). For example,
silica budget calculations (Nriagu, 1978) have shown that regeneration of silica
from Lake Ontario and Erie sediments far exceeds annual inputs from external
scurces. About 90 percent of the silica taken up by diatoms is reconverted
to soluble silica at the mud-water interface following die—Off and settling
of diatom blooms (Nriagu, 1978).
Table A5 shows that, while the storage pool of silica in the lakes is
large, some silica is lost permanently each year. Thus, inflow of silica from
tributaries is necessary to maintain silica levels. The impact that control
of nonpoint sources might have on silica inputs to the Great Lakes is not known,
but
shOu
ld b
e co
nsid
ered
in t
he f
utur
e.
Poss
ibly
a re
duce
d si
lica
load
woul
d
encourage growth of less desirable blue-green algae over diatoms.
—l47-
 
 TABLE A5
BUDGET FOR DISSOLVED SILICA
IN
LAKES
ONTARIO,
ERIE
AND
SUPERIOR
Source/Sink
Input/Output
Annual
‘
(107 kg)
LAKE ONTARIO
  
Inflow,
Niagara
River1
4.72
Inflow,
other
sources
3
7.60
Outflow,
St.
Lawrence
Riger
5.83
Storage
pool,
lake
water
62.9
LAKE ERIE
Inflow,
Detroit
River
17.5
Inflow,
other
sources
11.0
Outflow,
Niagara
River
4.72
Storage
pool,
lake water
12.6
LAKE SUPERIOR
Inflow,
all
sources4
4
28.0
Outflow,
St.
Marys
River
16.0
Storage
pool,
lake
water
2,800
1. Including the Welland Canal.
2. Data from Upchurch, 1972.
3.
N.D.
Warry,
personal
communication.
Data
do
not
include
about
2.5
x
1010
kg
of
Si02
loaded
annually
into
the
lake
as
taconite
tailings.
See
Nriagu,
1978.
4.
Calculated
from
the
monitor
cruise
data
bank
at
Canada
Centre
for
Inland
Water,
’
Burlington,
Ontario.
'
SOURCE: Nriagu, 1978.
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TOXIC MATERIALS
g A major concern identified by the Pollution from Land Use Activities Ref-
; erence Group (PLUARG) is the impact of toxic materials entering the Great Lakes
” from both point and nonpoint sources (PLUARG, 1978a). Although a great deal
of information has been collected on the toxicological effects of contaminants
in the environment (see for example, the extensive literature review of Leland
et al., 1978), relatively little is known about the significance of nonpoint
sources. This section summarizes available information on three important
classes of toxic contaminants known to arise from land drainage; heavy metals
and trace toxic elements; industrial organics; and pesticides. Many gaps in
understanding the impact of trace contaminants on the Great Lakes ecosystem
H still need to be filled.
HEAVY METALS AND TOXIC ELEMENTS
 
Problems caused byheavy metals entering the Great Lakes ecosystem were
brought to the attention of both scientists and the public at large in the
late 1960s when mercury contamination closed the Lake St. Clair fishery. While
steps have been taken to alleviate this problem, there is still concern about
the potential for future problems associated with mercury and other toxic ele-
ments .
 
In an extensive study, Fitchko and Hutchinson (1975) correlated heavy
metal concentrations in sediment at 116 river mouth locations with general
levels of development in the watershed. Generally, undeveloped watersheds
showed low concentrations while those with significant urban—industrial activ—
ities showed higher levels. A number of significant correlations were also
reported between metal concentration (especially lead, copper, nickel, zinc,
manganese, and mercury) andclay and organic matter content, (meaSured by loss
on ignition). It is difficult to separate out point and nonpoint source effects,
but it is probably safe to conclude that nonpoint scurces are not a significant
scurce of metals, since past studies (Sonzogni et al., 1978) indicate inputs
from undeveloped areas are derived mostly from nonpoint sources. This con-
clusion is consistent with the reSults of the land runoff monitoring program
conducted by PLUARG (1978b).
As with phosphorus, the availability of metals and toxic elements is a
factor in determining effects. Limited studies on suspended solids from Great
Lakes tributaries (Armstrong et al., 1978) indicate that 20 to 70 percent of
the total concentration of metals Such as copper, zinc and leadwere in an
available form. The variation in the percent available depends on the river
system, size fraction and specific metal. In most cases it w0uld appear that
less than 50 percent of the metal is available.
—149—
  
Two criteria have been suggested (PLUARG, 1978a) for evaluating the problem
potential of a given heavy metal or trace element:
1. Potential for methylation to a more toxic, bioactive form.
z. Increased levels in the Great Lakes system, indicating loadings above
natural background (Thomas, 1977).
Using the above criteria, the following prioritized list was suggested
for further study:
1. mercury, lead
2. arsenic, cadmium, selenium
3. copper, zinc, chromium, and vanadium
Of these, only lead is strongly linked to nonpoint sources. The discus—
sion which follows is thus limited to lead.
Lead
 
Most of the lead entering the Great Lakes is from diffuse sources. In
general, lead levels do not significantly limit the use of the Great Lakes.
Lead concentratiOns in the open waters of the lakes fall well below limits
recommended by the Water Quality Objectives Workgroup of the International
Joint Commission. Levels of lead in Great Lakes fish also fall well within
the established guideline of 10 mg/kg (PLUARG, 1978a). Concern has been ex-
pressed, however, that lead may undergo chemical and biological methylation in
the lakes, magnifying its potential toxicological effects. Lead has been found
to inhibit photosynthesis and to bioaccumulate in both vertebrates and inver-
tebrates, where it may produce lethal and Sublethal effects.
Sources. It is estimated (PLUARG, 1978a) that approximately 90 percent of the
6,700 metric tonnes of lead entering the Great Lakes are from diffuse sources.
About 3,600 metric tonnes, or 60 percent of the diffuse load, is from atmos—
pheric deposition. Another 800 tonnes per year is from shoreline erosion. This
leaves approximately 1,600 tonnes contributed each year by land drainage.
The greatest nonpoint SOurce contributors of lead on a unit area basis
are urban areas, where automobile exhaust gases and industrial processing emis—
sions are the major sources. Unit load estimates found by PLUARG range from
0.06 kg/ha—yr in residential areas to a high of 7.0 kg/ha-yr in industrial areas.
Average loading values for urban areas in general range from 0.14 to 0.5 kg/ha—yr.
Observed unit area loads of lead from agricultural areas are an order of
magnitude less than those from urban areas, with estimated values ranging from
.002 to .08 kg/ha—yr. Sources include native lead in the soil and atmospheric
deposition on the land surface.
Unit area loads from forested and other lands are generally lower than
those from agricultural areas. Unit area loads of 0.01 to 0.02 kg/ha—yr have
been reported. SOurces are similar to those on agricultural lands.
Effects on the Great Lakes. As mentioned, a principal concern about lead
—150—
—
.
5
,
,
“
k
.
 
“"
9
"
”
—
~
m
-
m
m
m
w
1
y
r
«
s
m
e
-
 
in the lakes is its potential ability to undergo chemical and biological methyl—
ation, forming highly toxic tetramethyl lead.
There is some question about how
extensive methylation is in the Great Lakes.
An alternative View holds that
most of the lead inputs are lost to the bottom sediments.
Data clearly shows
that significant quantities of lead are reaching the sediment (International
Joint Commission, 1975 ; PLUARG, 1978a).
Little information is available re—
garding the potential for its subsequent re—releaseto the water column.
There is evidence, however, of release mechanisms other than direct release
from the sediments. Studies of angiosperms in English lakes indicated that
lead content of root and shoot tissue varied more closely with sediment lead
concentrations than with concentrations in the water (Welsh and Denny, 1976).
Other studies on a small English estuary have shown a pattern between lead
concentrations in filter feeders (clams) and concentrations in sediments (Brynan
and Hummerstone, 1977). Lead levels in algae, on the other hand, have been
correlated with concentrations of lead in the water (Payer et al., 1976).
AlthOugh lead is widely recognized as an environmental toxicant, informa-
tion concerning its effects on the biota is far from complete. Experimental
results have shown that concentrations needed to inhibit growth and metabolic
processes in aquatic flora vary considerably, depending on such factors as the
degree of chelation, concentration of cells and nutrients, physiological state
of cells, and temperature (Leland et al., 1978). T0xicity is generally greater
in waters of low hardness. This is significant as Great Lakes waters are of low
to medium hardness (Great Lakes Basin Commission, 1976a). Concentrations of
PbClz as low as 0.085 mg/L Pb have been fOund to reduce photosynthesis of PL
tricornutum by 25 to 50 percent, while at 8.5 mg/L Pb concentrations phytosyn-
thesis was completely suppressed (Wollery and Lewin, 1976). Inhibition of growth
has also been reported by Silverberg et al. (1977). Gaechter (1976) found that
lead inhibited photosynthesis less than did mercury, copper, calcium, and zinc.
Evidence of synergistic and seasonal variation in organism sensitivity was also
discovered.
Studies of marine and freshwater invertebrates have revealed lead bio—
accumulation. Concentrations of lead observed in selected freshwater inver-
tebrates range from 10 to 48 mg/g dry weight (Anderson, 1977; Manly and George,
1977). The latter study also showed a positive correlation between increased
body weight and lead concentration in the tissues in contaminated portions of
the Thames River; no correlation was found in uncontaminated portions of the
river. Recently, Borgmann et al. (1978) found that Lymnaea palustris, a fresh-
water snail, Suffered a significant increase in mortality rate and a 20 percent
reduction in biomass production when exposed to low levels of lead in Lake On-
tario. Importantly, the level used in these tests was below the limit for lead
proposed by the International Joint Commission (1976).
Information regarding lethal and sublethal concentrations of lead for
aquatic invertebrates is scarce. Lead concentrations of 0.5 mg/L Pb were fOund
to inhibit unadapted pOpulations of Vorticella convallaria (Sartory and Lloyd,
 
1976). Relationships have been found between size and metal concentration in
many fish species. Unlike pesticides and other organic contaminants, which
r
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concentrate in the fat tissue, lead and other metals tend to accumulate in the
organs and muscle (Somero et al., 1977). Other experiments have indicated that
the rate of lead uptake increases at lower pH levels, possibly due to higher
concentrations of free Pb2+ at lower pH (Merlini and Pozzi, 1977).
Recent literature on the toxicity of metals to fishes has stressed the
importance of sublethal effects of expOSure: changes in growth, fecundity or
brood survival; physiological and biochemical alterations; and immune response
suppression. Tests of the chronic toxicity of lead to brook trout showed toxic
symptoms at 84 mg/L Pb but not at 39 mg/L Pb (Holcombe et al., 1976). The same
experiments showed that lead accumulated during the egg, alevin, and juvenile
life stages. In another series of experiments to measure the toxicity of lead
to brook trout, Davies (1975) demonstrated that results may vary widely, depend—
ing on whether total or dissolved lead concentration is measured. Experimental
results in hard water showed a 96-hour lethal concentration to 50 percent of fish
(LC50) of from 1.32 mg/L to 1.47 mg/L dissolved lead, compared to 471 mg/L to
542 mg/L total lead. Results in soft water showed a 96—hour LCSO of 1.17 mg/L
dissolved lead. Similar patterns were observed when evaluating sublethal effects.
Substantial additional data on lethal and sublethal effects on fish can be found
in USEPA, 1976. Little or no information is available on Great Lakes fish,
however.
Information on accumulation of lead in higher order vertebrates and its
effects vis a vis water quality use is scarce. A survey of herons on Lake
Erie showed no significant lead accumulation (Hoffman and Curnow, 1973). Water-
fowl tested in New York State, however, showed lead levels upward to 14.0 mg/kg
(Baker et al., 1976). Effects of lead on humans are well documented and have
been summarized elsewhere (e.g., U.S. Environmental Protection Agency, 1976).
In summary, it is apparent that excessive levels of lead entering the
aquatic environment could adversely affect the biota. Currently, however,
lead does not appear to be causing any significant impairment of the Great
Lakes resource. Restrictions on the use of leaded gasolines should reduce
future inputs. Research should be conducted, however, to determine long—term
trends of lead accumulation in the environment and the extent to which methyl—
ation occurs.
INDUSTRIAL ORGANICS
Industrial organics are of the most recent concern among toxic pollutants
in the Great Lakes. Due to the extreme toxicity at very low levels, many of
these substances present perhaps the most serious threat to the Great Lakes
of all toxic substances. Since industrial organics are derived principally
from manufacturing and other industrial processes, land runoff is not usually
a major source of these Substances. Industrial organics include benzene, hexa-
chlorobenzene, phthalate esters, toluene, dioxins and polychlorinated biphenyls
(PCBs). PCBs are perhaps the most well known, at least with respect to the
Great Lakes.
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 Polychlorinated Biphenyls (PCBs)
 
Since their introduction 50 years ago, PCBs have spread throughout the
environment, primarily by atmospheric transport. Perhaps because of the Great
Lakes position at the center of a highly industrialized region and their unique
ecological status, they have been particularly Susceptable to PCB inputs from
all sources: point, land runoff, and atmospheric. Atmospheric deposition on
the land and subsequent runoff appears to be the major nonpoint source of PCBs
in the lakes. PCBs bioaccumulate in both invertebrates and vertebrates, with
lethal and sublethal effects.
Sources. The tributary load of PCBs to the Great Lakes was recently es—
timated by PLUARG (1978a) to be 700 kg/yr, 40 percent (310 kg/yr) of which
comes from urban areas. This estimate may be conservative. Armstrong and
Weininger (1978) estimated that, for Lake Michigan alone, streams and municipal
wastewaters contribute about 750 kg of PCBs annually. A complete mass balance
of PCBs for Lake Michigan, developed by Armstrong and Weininger from information
derived from Murphy and Rzeszutko (1977) is given in Table A6.
Estimation of PCB loads is complicated because concentrations are generally
low andseveral isomers are in use. Significant inputs may be entering the
lakes undetected.
Results from the PLUARG pilot watershed studies showed PCB unit area loads
ranging from 0.003 to 0.26 g/ha—yr from urban areas. Unit area loads from
agric
ultur
al ar
eas w
ere
essen
tiall
y ide
ntica
l, r
angin
g fro
m 0.0
8 to
0.22
g/ha—
yr
(PLUARG, 1978a). This suggests that the major source of PCBs derived from land
drainage is atmospheric deposition and subsequent wash—off.
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(30
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.76
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ed
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r pr
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ed b
y se
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l PL
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stig
ator
s (
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en e
t al
., 1
977)
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2.0
g/h
a—y
r f
or
PCB
atm
osp
her
ic
loa
ds
to
the
lake
s.
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ies
of a
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ic d
epos
itio
n ov
er t
he L
ake
Mich
igan
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lein
ert,
1976
) h
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ima
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loa
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to
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0.5
0 g
/ha
—yr.
Fin
all
y,
wor
k d
one
by
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phy
and
Rze
szu
tko
(197
7)
sho
wed
PCB
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tio
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in
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ita
tio
n o
f 0
.11
9 m
g/L
,
whi
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0.8
8 g
/ha
—yr
in
unit
are
a t
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App
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ng
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se
fig
ure
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0.08
to
2.0
g/h
a—y
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lds
an
est
ima
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to
50
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/yr
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Bas
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the
dat
a r
epo
rte
d a
bov
e,
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"mo
st
pro
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le"
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t a
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loa
d i
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.5
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1.0
g/h
a—y
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whi
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s t
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loa
ds
to
12
to
25 tonnes per year.
Eff
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s o
n t
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at
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ver
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h l
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ls
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PCB
s i
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en—
vir
onm
ent
has
pro
mpt
ed
ext
ens
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ear
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o i
ts
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ica
l e
ffe
cts
.
The
rec
ent
lit
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e c
ont
ain
s m
any
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ort
s o
n l
eve
ls
of
PCB
s i
n t
he
Gre
at
Lak
es
and
its
eff
ect
s o
n t
he
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ta.
The
re
sti
ll
is
not
a s
yst
em-
wid
e u
nde
rst
and
ing
of how PCBs act in the environment, however.
 TABEE A6
ESTIMATED INPUT, OUTPUT AND CONTENT OF PCBS IN LAKE MICHIGAN
 
MASS OF PCBS IN WATER (kg)
Dissolved (12 mg/L) 61,000 kg
Suspended (19 mg/L) 91,000 kg
Total 152,000 kg
MASS OF PCBS IN SEDIMENT (kg)
Upper 2 cm (0.4 ug/g) 128,000kg
2-5 cm (0.02 ug/g) 9,600 kg
Total 137,000 kg
INPUTS (kg/yr)l
Streams and wastewaters 750 kg/yr
Precipitation 4,800
Dry fallout 2,800
Sub-total 8,350 kg/yr
Industrial discharges2 8,000
Total 16,350 kg/yr
OUTPUTS (kg/yr)
Biodegradation, volatilization, harvesting 0
Surface water discharge 1,520 kg/yr
Sedimentation 6,900
Total 8,420 kg/yr
1. Inputs based mainly on Murphy and Rzeszutko (1977).
2. Loss from the industrial facility at Waukegan, Illinois was about 0.5 x 106 kg.
One-third was assumed to reach Lake Michigan and the loss was assumed to be
distributed over a 20-year period.
SOURCE: Armstrong and Weininger, 1978.
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PCB
in
the
Great
Lakes
sediment
have
been
estimated
(PLUARG,
1978a)
to
total
76.6
tonnes.
Of that,
more
than
45 percent
(35.6
tonnes)
is
in Lake
Erie.
PCB
concentrations
in
the
sediment
range
from
9 ppb
in
parts
of
Lake
Huron
to
252
ppb
in
limited
portions
of
Lake
Erie.
Other
studies
have
reported
sediment
PCB levels up to 13,000 ppb
(Dennis, 1975).
The high levels of PCBs observed
in bottom
sediments
indicate
that
sediment
acts
as
a
sink
for much
of
the
input
to the lakes.
Studies on Escambia Bay,
Florida, indicate that PCB—laden sedi—
ments are a continuing source for the aquatic biota (Duke, 1974).
No information was found on levels of PCB in aquatic flora of the Great
Lakes.
Information concerning toxic effects on aquatic invertebrates in the
Great Lakes is also scarce.
Experimental results have shown that small insects
and crustaceans with short life cycles are most sensitive to PCBs, although
the degree of toxicity is related to the PCB isomer tested (Nebeker, 1975).
For example, a 50 percent reduction in midge reproduction was observed at Aroclor
1254 concentrations of 0.45 mg/L.
Similar results in Daphnia were found at
concentrations of 1.3 mg/L (Nebeker, 1975).
In the latter case, 2.1 mg/L of
Aroclor 1248 were required to produce a similar reduction in reproduction.
In addition to direct toxic effects, PCBs tend to bioaccumulate in insects
and other invertebrates.
Studies summarized by Nebeker showed bioconcentration
factors up to 50,000 for Aroclor 1248 by Gamarus pseudolimnaeus.
The rapidity
with which some organisms accumulate PCB was also demonstrated.
Daphnia magna,
exposed to 1.1 mg/L concentrations of Aroclor 1254, accumulated total body
concentrations 48,000 times greater than the water concentration in 96 hours.
In another experiment, mosquito larvae (Culux tarsalis) accumulated l9 mg/g
of Aroclor 1254 in 24 hours, a 12,600—fold magnification of the water concen-
tration of 1.5 mg/L. Although these are reSults of laboratory experiments,
there is evidence that similar bioconcentration factors occur in natural waters.
Specific effects of PCBs derived from land runoff on Great Lakes insects are
not known, however.
 
Most of the work reported on PCBs concerns their uptake, accumulation,
and effect on fish and higher vertebrates. Ingestion (consumptive uptake) of
PCB—concentrating invertebrates is probably a significant SOurce of PCBs in
fish. However, direct uptake of PCBs from the water (primarily Via the gills),
even when concentrations are very low, has been generally thought to be the
most important source. Experiments reported by Nebeker (1975) indicated a bio-
concentration factor of 30,000 to 270,000 in fathead minnows for a range of
Aroclors. CompOunds with a higher proportion of chlorine tended to have the
highest bioconcentration factors. Other studies (U.S. Environmental Protection
Agency, 1976) showed similar results. Studies by Veith and Lee (1971a and 1971b)
on the Lower Milwaukee River showed bioconcentration factors for Aroclor 1248
in goldfish ranging from 70,000 to 200,000. Bluegill sunfish exposed to Aroclors
1248 and 1254 showed a bioconcentration factor of 71,000 (Stalling and Mayer,
1972).
Despite dramatic bioconcentration through direct uptake, Weininger (1978)
reasoned that it along does not account for the PCB levels in the Great Lakes
fish. Based on a bioenergetics model, he concluded that most of PCBs found in
many Great Lakes fish is the result of consumption of PCB-laden foods. The
  
predominant pathway for these fish was concluded to be the following: water—3
phytoplankton and suspended particulates—izooplankton—imacroinvertebrates-:forage
fish (e.q., alewives)—-pisciverous fish (such as lake trout and salmon).
Studies have also been conducted to determine the lethal and sublethal
effects of PCB exposure to fish. Ninety—six hour LCSO (Lethal Concentration
to 50 percent of the population) values of 15 mg/L and 7.7 mg/L for Aroclors
1242 and 1254, respectively, were determined for fathead minnows. Concentrations
of 8.8 mg/L and 4.6 mg/L for the same two Aroclors were fatal to 50 percent of
the fathead minnows in a 60-day continuOus flow experiment (Nebeker et al.,
1974). In contrast, 96-hour LCSO values for cutthroat trout ranged from 1,170
to 50,000 mg/L. Because of its low solubility in water, PCB toxicity to fish
tends to increase with longer exposure times.
Tests using fathead minnows (Nebeker et al., 1974) showed that significant
reductions in spawning OCCurred at concentrations of PCB of 1.8 mg/L, althOugh
egg hatchability and fry survival were good. Growth of young was affected
above 2.2 mg/L Aroclor 1248, however, and none survived at concentrations greater
than 5.1 mg/L.
Studies using lake trout Schoettger et al., 1970) sh0wed retardation of
growt
h by
expos
ure
to Ar
oclor
1248
in th
e die
t fo
r thr
ee mo
nths.
Conce
ntrat
ions
in the diet of 1.2, 3.8, and 12 mg/g reduced growth by 6, 10, and 28 percent,
respectively. Growth of the group fed 12 mg/g was about half that of the con-
trol group after six months.
In addition to controlled studies to determine the effects of PCBs on
specific fish species, work has been done to determine levels of PCBs in Great
Lake
s f
ish
popu
lati
ons
(Kle
iner
t,
1976
; Br
ezin
a an
d Ar
nold
, 1
976;
Inte
rnat
iona
l
Joint Commission, 1976a; Foster, 1977; Spagnoli and Skinner, 1977). In general,
thes
e st
udie
s ha
ve
f0un
d me
asur
able
amou
nts
of P
CBs
in f
ish
samp
les
take
n th
roug
h—
out
the
Grea
t La
kes
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n,
in s
ome
case
s in
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ss o
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e pr
esen
t U.
S. s
tand
ard
of 5.
0 ppm
. A
reas
with
probl
ems
inclu
de La
ke Mi
chiga
n (K
leine
rt,
1976;
Illin
ois
Insti
tute
for E
nviro
nment
al Qu
ality
, 19
76; F
oster
, 19
77) a
nd La
ke O
ntari
o (S
pag-
noli and Skinner, 1977). Fish species with a high fat content, such as chubs,
alew
ives
and
salm
onid
s,
gene
rall
y sh
owed
the
high
est
leve
ls o
f co
ntam
inat
ion.
Fish
samp
les
coll
ecte
d in
West
ern
Lake
Erie
(Bre
zina
and
Arno
ld,
1976
; S
pagn
oli
and
Skin
ner,
1977
) an
d La
ke
Supe
rior
(Int
erna
tion
al J
oint
Comm
issi
on,
1976
)
did
not
exce
ed
U.S.
stan
dard
s.
It s
houl
d be
note
d,
howe
ver,
that
many
samp
les
coll
ecte
d in
the
latt
er s
tudy
appr
oach
ed
or e
xcee
ded
the
Cana
dian
guid
elin
e of
2.0 ppm.
It i
s no
t po
ssib
le
to r
elat
e th
e co
ncen
trat
ions
of P
CBs
in f
ish
to a
ny
part
icul
ar
sour
ce.
Rath
er,
the
effe
ct o
f PC
B in
puts
from
all
sour
ces,
poin
t,
land runoff and atmospheric, are cumulative.
Sinc
e fi
sh a
re m
ajor
accu
mula
tors
of P
CBs
(and
othe
r to
xics
) i
n th
e Gr
eat
Lak
es
foo
d c
hai
n,
it
mig
ht
be
exp
ect
ed
tha
t,
if
tho
se
fis
h w
hic
h f
req
uen
t r
ive
r
mou
th
are
as
are
acc
umu
lat
ing
lar
ge
amo
unt
s o
f P
CBs
, t
hen
lan
d r
uno
ff
cou
ld
be
ide
nti
fie
d a
s a
maj
or
con
tri
but
or
of
PCB
s a
nd
spe
cif
ic
riv
ers
whi
ch
are
maj
or
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 sources could be identified. This has not been found to be the case, according
to the information available.
The
anad
romO
us b
ehav
ior
of m
any
of t
he f
ish
whic
h re
adil
y ac
cumu
late
PCBs
inc
rea
ses
the
dif
fiC
ult
y i
n r
ela
tin
g l
and
—de
riv
ed
PCB
sou
rce
s t
o s
pec
ifi
c e
ffe
cts
on f
ish
in t
he l
akes
.
The
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on o
f a
PCB—
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n sa
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(whi
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a s
hor
t p
eri
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tai
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nec
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y,
the
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inp
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t t
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e s
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em
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m
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a P
LUA
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(Je
rge
r e
t a
l.,
1978
) P
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n-
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out
h a
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s w
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d.
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s w
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fou
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to
be
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m i
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nly
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d.
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omo
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,
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an
urb
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x w
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ns
sam
ple
d w
ere
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—
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ons
c0u
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ed.
One
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(Ba
ker
et
al.
,
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6)
exa
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s
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l
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s
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wat
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k
Sta
te.
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two
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e
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ari
o
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,
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r
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,
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e
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to
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U.S
.
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d
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n
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5.0 ppm.
The
eff
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s
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PCB
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n
of
mam
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inc
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,
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e
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n
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d
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nta
l
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y,
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6).
Wo
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n
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al.
,
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al.
,
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6;
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k
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d
Al
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n,
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6)
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at
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is
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ng
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re
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to
the
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te
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ia
l
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g
hu
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n
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s
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l
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PC
Bs
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y
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ve.
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fe
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e
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s
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Yu
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o
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(K
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su
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,
Ma
su
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,
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5)
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d
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.
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r
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y
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to
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e
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e
of
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w
PC
Bs
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ct
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e
Gr
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t
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s
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em
.
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w
th
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PC
B
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e
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d
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)
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d,
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s
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be
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d
to
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rm
in
e
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ng
-t
er
m
tr
en
ds
in
PCB levels, especially in fish.
PESTICIDES
Id
en
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g
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e
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ra
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at
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There has also been a significant change in the types of pesticides used,
especially insecticides, over the past 10 years.
Many of the highly toxic
persistent chlorinated hydrocarbon compounds, Such as DDT, aldrin—dieldrin,
and chlordane, have been banned or have had severe restrictions placed on their
use. The organophosphate and carbamate compounds, such as carbaryl (Sevin),
malathion and guthion, that have replaced them, are much less persistent and
do not bioaccumulate as readily. They may be as toxic to nontarget organisms
as the chlorinated hydrocarbons, however. Importantly, the organochlorine
pesticides provide an excellent example of how pollutants derived from land run—
off have had an obvious and serious effect on the Great Lakes.
Except for waste discharges from manufacturing plants, pesticide inputs
to the lakes are from diffuse SOurces, both atmospheric and land runoff. PLUARG
studies detected a range of pesticides in tributary drainage waters, including
atrazine, DDTand metabolities, dieldrin, lindane, endrin, heptachlor and
endosulfan (PLUARG, 1978c). Levels were generally too low to permit calculation
of pesticide loads. Only atrazine, a herbicide used widely in corn production,
was found frequently in stream samples (PLUARG, 1978b; Chesters et al., 1978).
Because it degrades rapidly and its use appears to be declining, it was deter—
mined not to be a significant problem.
Continuing inputs of chlorinated hydrocarbon compounds, such as DDT and
dieldrin, the use of which as been banned or restricted, arise mostly from
residues in the soil. The carry-over of persistent pesticides has been demon-
strated in studies of agricultural areas where DDT and dieldrin residues in the
soil were found to be equal to or greater than the average annual rates of
application.
Insecticides
The three principal characteristics of concern in evaluating the environ—
mental impacts of insecticides are persistence, potential for bioaccumulation,
and toxicity. It was the first and second characteristics that raised concern
over the use of organochlorine compOunds, such as DDT. As mentioned, these
compounds are persistent in the soil, causing a significant buildup in fields
on which they are applied. The newer organophosphate and carbamate pesticides,
on the other hand, have half-lives ranging from several days to three or four
months. Thus, they are less likely to be transported to streams and the lakes.
Although the chlorinated hydrocarbons are persistent, degradation mecha—
nisms in the soil reduce their half-life. These include chemical reaction,
microbial enrichment and co-netabolism (Goring et al., 1975). While it is
not possible to precisely evaluate the activity of these mechanisms on a large
scale (i.e., the Great Lakes), it should be noted that their levels in Great
Lakes waters and fish samples have declined rapidly since their use was banned
or restricted (International Joint Commission, 1976a; PLUARG, 1978a).
Sediments act as a sink for pesticides in the aquatic environment. Release
from the sediments to the water is dependent on the solubility of the compound
in water, its concentration in the sediment, sediment composition, and the
degree of adsorption (Hamelink et al., 1971). Potential for release is probably
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minimized, however, due to the input of "clean sediment" (PLUARG, 1978b).
The distribution of these insecticides in Great Lakes sediments varies.
Samples from Lake Superior showed trace levels (1.0 mg/kg or less) of DDT, DDD,
and DDE. No other pesticide residues were reported. Lake Huron sediment samr
ples showed a range from 3.0 to 30.7 mg/kg for DDT and its metabolites (Inter-
national Joint Commission, l977c). Some areas showed contamination with dieldrin.
Total DDT residues were found in 90 percent of sediment samples collected on Lakes
St. Clair, Erie and Ontario in 1975 (International Joint Commission, 1975 ),
with
valu
es r
angi
ng f
rom
2 to
88 m
g/kg
.
Some
samp
les
also
show
ed c
onta
mina
tion
with dieldrin and chlordane as well.
Levels of total DDT observed in the upper Great Lakes open waters generally
fall within the guidelines for water Supply and protection of fish and wildlife
(U.S
. E
nvir
onme
ntal
Prot
ecti
on A
genc
y, 1
976;
Inte
rnat
iona
l Jo
int
Comm
issi
on,
1976
a),
alth
ough
dete
ctab
le l
evel
s (
0.00
1 to
0.00
4 mg
/L)
were
foun
d in
some
part
s of
Lake
Huro
n in
1975
(Int
erna
tion
al J
oint
Comm
issi
on,
1977
c).
Data
coll
ecte
d on
Lake
Onta
rio
show
ed m
ean
tota
l DD
T an
d di
eldr
in l
evel
s of
0.02
8
mg/L
and
0.00
5 mg
/L,
resp
ecti
vely
(Int
erna
tion
al J
oint
Comm
issi
on,
1977
a).
It
is e
xpec
ted
that
thes
e re
lati
vely
high
leve
ls w
ill
decl
ine
as i
n-pl
ace
resi
dues
are
depl
eted
.
Data
were
not
avai
labl
e fo
r La
kes
Erie
and
Mich
igan
.
The most obvious impact of organochlorine insecticides in the lakes is
the
ir
bio
acc
umu
lat
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in
the
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d c
hai
n,
esp
eci
all
y i
n t
he
hig
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ord
er
fish
es.
Data
coll
ecte
d on
fish
from
all
of t
he l
akes
exce
pt E
rie
show
leve
ls o
f DD
T
in e
xces
s of
reco
mmen
ded
FDA
and/
or I
JC l
evel
s.
(Hes
se,
1975
; In
tern
atio
nal
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nt
Com
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sio
n,
197
6a,
197
7a,
1977
c).
In
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l,
how
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r,
the
re
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tre
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in
fish
.
One
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s
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has
bee
n f
oun
d (
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l
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sio
n,
197
7b)
.
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DT.
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U.S
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essentially undetectable in all samples.
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In addition to the bioaccumulative capacity of the chlorinated hydrocarbon
compounds, the direct toxicity, both acute and chronic, of all types of insec-
ticides should be considered. Although large scale problems from land—derived
insecticides are unlikely, local problems could occur. In this respect, there
may be very little difference between the persistent organochlorines and the
organophosphates and carbamates: LCSO concentrations for many compounds in each
class fall within the same orders of magnitude for a wide range of freshwater
organisms (see summary in Appendix 2 of U.S. Environmental Protection Agency,
undated).
 
Table A7 was compiled to show comparative values for a number of organisms.
As the figures show, 96—hour LCSO concentrations for invertebrates are similar.
Fishes, however, seem to be somewhat less susceptible to the less persistent
compOunds. This pattern can also be seen in larger data sets (U.S. Environ—
mental Protection Agency, undated). It must be remembered that in a total
ecosystem, effects at one level of the food chain will have repercussions through-
out the system. Thus, lethal effects on the invertebrates may reSult inreduced
fish populations.
Sublethal and chronic effects are also associated with pesticide inputs.
These effects vary from species to species as well as from compound to compound
(U.S. Environmental Protection Agency, 1976 and undated).
HERBICIDES
In general, herbicides are less toxic and less Subject to bioaccumulation
than insecticides (U.S. Environmental Protection Agency, 1974). Herbicides
such as silvex, pichloram, 2,4—D, and dichlobenil do not appear to bioaccumulate
more than tenfold, if at all, in aquatic organisms; this is compared to accumu—
lation factors of one million or more for DDT (U.S. Environmental Protection
Agency, 1974).
Many herbicides are water soluble, so they do not partition as greatly in
favor of fat tissues as do the organochlorine pesticides. As a result, herbi—
cides and their metabolites are not passed as readily through the food chain,
and cumulative effects are not commonly seen.
In actual toxicity tests, a wide range of susceptibilities has been found
in freshwater invertebrates. Dichlone was found to be the most toxic compound
out of 16 tested, with 48-hour LCSO values of 0.025 mg/L for Daphnia magna
and 3.2 mg/L for crayfish (U.S. Environmental Protection Agency, 1974). In
comparison, the 48-hour LCSO for D. magma for atrazine, a herbicide found in
Great Lakes tributaries, was found to be 3.6 mg/L, a concentration of almost
150 times that of dichlone to produce the same lethal effect. This is more
than 1,000 times higher than the mean concentration of atrazine found in PLUARG
agricultural watershed monitoring studies (PLUARG, 1978c).
As with other toxic materials, herbicides may also produce Sublethal and
chronic effects in aquatic organisms. Little information on this is available
for Great Lakes waters, however.
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TABL
E A7
ACCUT
E TO
XICIT
Y (9
6-hou
r LC5
0) D
ATA F
OR FR
ESHWA
TER O
RGANI
SMS
(in m
g/L)
Org
ano
chl
ori
ne
Org
ano
pho
sph
ate
“
Car
bam
ate
 
                             
DDT
Chlo
rdan
e
Meth
oxyc
hlor
Guth
ion
Diaz
inon
Mala
thio
n
Sevi
n
ORGA
NISM
Crust
acean
Gamaru
s lacu
stris
1.0
26
0.8
0.15
200
1.0
16.0
Daphni
a pulu
x
0.36a
29
0.78
0.9
1.8
6.4
Insects
I
f—I
2 Pteron
areella b
adio
1.9
1.1
1.7
I
Pteronarc
y Califor
nica
7.0
15
1.4
1.5
25
10
4.8
 
Fishes
Pimephale
s promela
s
19
52
7.5
93
9000
9000
Lepomis m
acrochiru
s
8
22
62
5.2
110
6760
Oncorhync
hus kisut
ch
4
56
66.2
17
101
764
       
a. 48-hour LC50
SOURCE: U.S. Environmental Protection Agency, undated.
  
 In Summary, pesticide inputs from past use of chlorinated hydrocarbon
com
pou
nds
con
tin
ue
to
be
a p
rob
lem
in
man
y p
art
s o
f t
he
bas
in.
Lev
els
of
pes
ti—
cide
s ar
e de
clin
ing,
howe
ver,
indi
cati
ng t
hat
soil
resi
dual
s ar
e be
ing
depl
eted
thr
oug
h e
ros
ion
and
deg
rad
ati
on.
To
date
, n
o s
eve
re
pro
ble
ms
hav
e b
een
fou
nd
rela
ted
to t
he u
se o
f or
gano
phos
phat
e an
d ca
rbam
ate
comp
ound
s, w
hich
have
re—
pla
ced
the
mor
e p
ers
ist
ent
org
ano
chl
ori
ne
com
pou
nds
.
Inc
rea
sed
use
of
her
bi—
cid
es
is
als
o n
ot
exp
ect
ed
to
cau
se
sig
nif
ica
nt
pro
ble
ms.
Thu
s,
the
ove
ral
l
imp
act
of
pes
tic
ide
s o
n t
he
Gre
at
Lak
es
is
exp
ect
ed
to
dim
ini
sh
in
the
fut
ure
.
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